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Abstract
Additive manufacturing (AM) has the ability to produce parts with complex
geometries and internal features, however, for demanding applications such as the
automotive and aerospace industries, it is crucial that the parts can meet the demanding
functional and geometric requirements. Quality control for AM parts focuses on
nondestructive methods of testing, but many of the current methods are expensive and
time-consuming. The research presented in this report explores various methods of
nondestructive evaluation (NDE) using dynamic analysis on stainless steel parts produced
with selective laser melting (SLM). Methods include, but are not limited to, frequency
response functions (FRF), impedance-based measurements, and scanning laser doppler
vibrometry. Additionally, mode shape analysis was performed in MATLAB and FEA
simulations were used for comparison with experimental results. The results indicate that
dynamic analysis has the potential to be a feasible method of defect detection and NDE in
AM parts and future work should focus on refining these methods, such as optimizing test
parameters to improve sensitivity to defects.

xiv

1 Introduction
Additive manufacturing (AM), which was first used to quickly produce prototypes, is
becoming a more common method of manufacturing. This technology uses layer-wise
fabrication to solidify consecutive layers of material on top of each other to form parts [1].
Initial development of 3D printing began in the 1980’s, with the first 3D printer
commercially available in 1987 from a company called 3D Systems, Inc., but the concept
of AM may date back to the 1950s [2-4]. The rise in popularity of AM can be attributed to
its ability to produce complex geometries and internal features that cannot be created with
traditional methods, such as casting, forging, or machining. As the technology continues
to improve, 3D printers are now available for a wider range of materials and processes.
AM is grouped into seven categories, based on heat source and material feedstock. These
processes include extrusion, vat photopolymerization, powder bed fusion (PBF), binder
jetting, material jetting, sheet lamination, and directed energy deposition [4].
When AM is used in demanding applications, such as in the aerospace or automotive
industries, it is important that the parts can meet the dimensional and functional
requirements. In 2009, ASTM Committee F42 was formed to produce standards for AM,
including testing, processes, materials, design, and terminology [2]. Today, manufacturers
are interested in process control for dimensional and geometric accuracy, while consumers
and end users are focused on detecting part flaws and integrity. For AM to be a widely used
and primary method of manufacturing, reliable methods of defect detection must be
established. Ideally, these methods would be non-destructive, low cost, fast, and be able to
identify several types of defects, such as surface and internal defects [5, 6].
Surface defects can be identified with the naked eye and types of imaging software,
but internal defects are harder to identify. The most common method of defect detection
for AM parts is x-ray computed tomography (XCT), however, this method is expensive
and as parts become more complex, they begin to push the limits of the scanners [6-8].
Other established methods include eddy current detection (ECD), ultrasonic testing (UT),
and impedance-based monitoring.
An alternative to these methods is dynamic testing, which would satisfy the
requirements of being non-destructive and both cost and time effective. This research has
set out to explore whether dynamic testing is a viable and reliable method of offline
nondestructive evaluation (NDE) for AM parts that remain attached to the build plate. The
methods presented explore high frequency excitation with the use of piezoelectric
excitation, as well as the benefits of modeling and simulation.

1.1 Background
1.1.1 Methods of nondestructive defect detection in AM
XCT is currently the most promising method of NDE for internal features and
dimensional accuracy. This method compiles x-ray images taken around the object to
reconstruct a 3D model in CAD software [7]. While this method is proven to work, the
1

processes of data acquisition and data analysis are time consuming and using radiation is
expensive [1, 8]. XCT is not suitable for crack detection or larger objects, as the CT
sensitivity and resolution decrease as the part gets larger or thicker. This method also
struggles to measure high density materials [7, 8].
ECD has shown promise for surface and subsurface defect detection in AM parts.
This method uses electromagnetic induction to induce an eddy current, or alternating
magnetic field, into the part. Defects are identified as the flow pattern induced current is
perturbed [5, 9]. ECD is suitable for finding cracks and non-fusion pores, however, it can
only be used on conductive materials and cannot accurately identify surface defects on
parts with rough surface finish [8].
To identify internal defects, UT uses an ultrasound probe to emit ultrasonic waves
to the surface of a part using a couplant. As the waves propagate through the part, they are
reflected, and defects are identified by the time difference between the transmission of
reflected signals. This method is more sensitive to cracks, but less sensitive to pores and
near surface defects [5]. Another disadvantage of this method is the couplant used to
transmit the ultrasonic signals can contaminate the powder of the part [9]. A similar
method, laser ultrasonic testing (LUT) has shown promise, but little research has been
done.
Impedance-based monitoring has been widely used for structural health monitoring
(SHM). The impedance signatures produced through impedance-based monitoring reflect
the part’s unique mass, stiffness, and damping characteristics. If the part is damaged, these
changes should be reflected in the impedance signatures. This method of NDE typically
uses piezoelectric sensors and transducers to excite the part and measure its response.
Using these sensors couples the mechanical properties of the part with the electrical
properties of the piezoelectric sensor, producing the electromechanical impedance
signature. To detect a defect, the wavelength of the excitation signal must be smaller than
the characteristic length of the defect, which may be a problem for certain applications.
Additionally, variations in the piezoelectric sensors and their mounting location will affect
the part’s response and the ability to detect a defect is related to the distance between the
defect and the sensor [6].
While current methods of defect detection for AM parts can identify defects, they
each have drawbacks that are limiting the widespread use of AM. Dynamic evaluation has
the potential to be an effective method of NDE that can identify a variety of defects, while
being a low cost and high throughput method.

1.1.2 Introduction to Dynamic Evaluation
Dynamic evaluation looks at the response of a part across a frequency range using
a frequency response function (FRF). When the part is excited, the part’s properties will
be reflected in the FRF. Peaks in the response indicate natural frequencies, which are based
on a part’s mass and stiffness properties, as well as boundary conditions. If a defect is
introduced to the part, there should be a shift in the natural frequencies or damping, when
2

compared to a non-defective baseline measurement. There are many methods of excitation
for dynamic evaluation, including, but not limited to, impact hammer, shaker, and
piezoelectric transducers.

1.1.3 Description of AM builds
All parts used for this research were produced using selective laser melting (SLM) with
316L stainless steel. SLM falls under the powder bed fusion category of AM. During
testing, all parts remained fixed to the build plate, with their support structures still intact.
While removing parts from the build plate would help isolate the part’s response, the goal
of this research is to develop a method of NDE that can identify defects while the parts are
still attached to the build plate, therefore, all tests were performed with a fixed boundary
condition.
There are many factors of the SLM process that will affect the integrity of the final
part, such laser energy input, scan speed, powder material, and powder size. The most
common defects for SLM parts are porosities, cracks, and incomplete fusion holes.
Porosities are very small defects, often less than 100 µm and can be caused by trapped gas
bubbles or low powder packing density. Cracks are caused by rapid melting and rapid
solidification. These defects are common with stainless steel parts, due to the material’s
low thermal conductivity and high thermal expansion coefficient. For this presented
research, incomplete fusion holes are the main defect of interest. This defect, also known
as voids, are caused by a lack of energy input, resulting in un-melted or insufficiently
melted metal powders [10].

1.1.4 Dynamic Evaluation Methods for AM Builds
Previous research in this area explored many methods of dynamic testing, including
impact and shaker testing, acoustic testing, and scanning laser doppler vibrometry. Impact
testing is a very common method and utilizes an impact hammer to excite the part with an
impulse. The response is typically measured with an accelerometer or scanning laser
doppler vibrometer (SLDV). The results are interpreted using FRFs, with the impact
hammer signal as the reference. While this method is easy to set up, has short measurement
times, requires little equipment, and is low cost, the results are subject to human error and
can be difficult to replicate [11, 12]. Another downside of impact testing is the limited
frequency ranges. The accessible frequency range is dependent on the material of the
hammer tip and the size of the hammer, but it is difficult to obtain clean results above 8,000
to 10,000 Hz [13]. Shaker testing is a fast method of dynamic testing but is also limited
by frequency range like impact testing. The entire build plate is attached to the shaker,
which makes it difficult to extract an individual part’s response. This method is also limited
by the weight capacity of the shaker used. Acoustic excitation allows a higher range of
frequencies to be tested compared to impact or shaker testing. The entire build plate is
excited using speakers and the response is typically measured with a microphone,
accelerometer, or SLDV.

3

The scanning laser doppler vibrometer is a very useful non-contact vibration
measurement tool for dynamic evaluation. Based on the Doppler effect and the use of
optical interferometry, a helium neon laser sends a signal to the part and measures velocity
and/or displacement of vibrating object from the reflected signal [14]. SLDV
measurements have high levels of accuracy since they do not add mass or stiffness to the
part, like an accelerometer. While the initial investment costs of an SLDV are high, they
have great cost and time savings in the long run, since there is only one transducer to
calibrate and little to no surface preparation is required. Additionally, the laser can measure
up to 2,400 MHz and is temperature and frequency independent, unlike many
accelerometers [15]. This measurement tool can be used with many forms of excitation.
As previously mentioned, impedance-based monitoring, also referred to as
impedance testing, has shown promise in defect detection, specifically in the field of
structural health monitoring. Impedance testing can explore a very large frequency range,
with certain impedance analyzers reaching up to 10 MHz. This method requires a
piezoelectric transducer, which is used for both exciting the part and measuring its
response. Impedance testing is fast and intuitive, and many different representations of
electromechanical impedance can be recorded.
The similarity between FRFs of part responses was evaluated using Frequency
Response Assurance Criterion (FRAC). This metric is typically used to compare
experimental data with a synthesized FRF and can be used over full or part of the frequency
range [16]. FRAC is scored from zero to one, where unity represents two identical FRFs,
and can be calculated using (1), where 𝐻𝑎 and 𝐻𝑒 are the FRFs of interest [16, 17].
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Modal Assurance Criterion (MAC) is used to evaluate the similarity of mode shapes
and can be computed between any combination of experimental and synthesized data. Like
FRAC, this metric ranges from zero to one, where unity represents identical mode shapes.
MAC is essentially a normalized dot product and can be calculated using (2), where 𝜑𝑟 and
𝜑𝑠 are modal vectors [18].
|{𝜑𝑟 }∗𝑡 {𝜑𝑠 }|2
∗𝑡
∗𝑡
𝑟 } {𝜑𝑟 })({𝜑𝑠 } {𝜑𝑠 })

𝑀𝐴𝐶({𝜑𝑟 }, {𝜑𝑠 }) = ({𝜑

(2)

1.1.5 Results from Previous Testing
Research by Allen tested many of the previously mentioned methods on similar
316L stainless steel 3D printed parts, shown in Figure 1.1a-c. Forest tensile bar build,
shown in Figure 1a, had nine group of five bars, for a total of 45 bars. The first group of
bars was nominal and groups two through nine had voids increasing in size with each
group. The voids ranged from 50 to 400 µm in 50 µm increments. The first test performed
on this build plate was shaker testing, using the SLDV to measure the response. The
measurements showed a lot of noise in the response and since the entire build plate was
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excited, it was difficult to identify individual responses of the bars. Then, each bar was
impact tested and the first four bending modes in the x-direction were identified. Impact
testing produced cleaner peaks in the FRF but was unable to distinguish defect groups.
Acoustic excitation was performed next, with the goal of exciting axial modes. Since this
method excites the base plate and not individual tensile bars, the base plate is dominating
the response. The FRFs did not have clean peaks and the defect groups were not
distinguishable [19].
Impact testing was not effective for the topology optimized brackets (Figure 1.1),
as it could not reach high enough frequencies. To excite a higher frequency range, a form
of acoustic testing was performed, which used a BB-gun to excite the structure and the
response was measured with a microphone. While this method successfully excited natural
frequencies, it caused slight damage to the parts and was unable to produce FRFs since
there was no reference measurement for the BB’s velocity. Instead, the autopower spectra
was used.

Figure 1.1. Forest tensile bar build (top left), airbus build (bottom left), and topology
optimized brackets (right).
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The final group of AM parts used in Allen’s research were airbus builds, shown in
Figure 1.1. Shaker testing was able to identify modes 1-4, 6, and 7, but not mode 5 since it
was a torsional mode. Modes 8-11 were outside the shaker’s attainable frequency range.
The parts were impact tested using three different boundary conditions: semi-fixed, fixed,
and free-free. The free-free boundary condition provided the cleanest measurements.
The main takeaways from these previous results indicate that testing methods
exciting the plate, such as acoustic and shaker testing, exhibited results that were dominated
by the plate’s response and made it difficult to identify individual part responses. Methods
that excited the part, including impact and BB-gun testing, were the most effective. Impact
testing was affected by the size of the part and the ability to repeatedly impact a flat surface,
which posed difficulty for the airbus builds, and this method has a limited frequency range.
While BB-gun testing was able to identify natural frequencies with the autopower spectra,
this method caused slight damage to the part and could not provide FRF and coherence
measurements [19].
This research began to explore piezoelectric excitation as a form of dynamic
evaluation; however, the piezoelectric transducers were attached to the build plate and not
the individual parts. This form of excitation can reach much higher frequencies than impact
or BB-gun testing and is the focus of this presented research. This research was performed
in collaboration with Vibrant Corporation, a non-destructive testing company based out of
Albuquerque, New Mexico.
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2 Testing and Analysis Approaches
2.1 Split plate with lattice supports
The first build plate consisted of four split plate parts with lattice support structures,
shown in Figure 2.1. The split plate was oriented at a 45-degree angle and there are 145
beams connecting the top and bottom faces of the plate, as shown in Figure 2.2. For each
part, one side of support structure was disconnected from the outer wall of support material.
The disconnected side for each part is illustrated by the yellow line in Figure 2.3. All parts
were assumed to be defect-free and considered nominal.

Figure 2.1. Split plate build with lattice supports.

Figure 2.2. Split plate beam diagram and numbering.
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Figure 2.3. Disconnected support location.

2.1.1 Impact Testing
Initial testing was performed on the split plate build using a free-free boundary
condition. A modal impact hammer (PCB model 086E80) at nine different locations on the
face of the plate and four locations on the side of the plate (Figure 2.4). Data was collected
from 0 to 8,820 Hz, with a frequency resolution of 0.53833 Hz and 5 linear averages. Point
1 on the face of the plate was the drive point. When testing the side of the plate, the drive
point was located on the backside of the plate, in line with point 10. The response was
measured using a Polytec PSV-I-560 SLDV. Impact testing was also attempted on the
support material in the four locations shown in Figure 2.5.
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Impact locations

Figure 2.4. Impact testing locations on split plate.

Impact locations

Figure 2.5. Impact testing locations on lattice support structure of split plate.

2.1.2 Piezoelectric Testing with SLDV
Piezoelectric testing was performed to explore a higher frequency range. Two types
of piezoelectric transducers were used on the lattice split plate build: pre-made macro fiber
composite (MFC) patches from Smart Materials (Model M-2814-P1) and homemade
transducers using industry type 5H (Navy Type VI) lead zirconate titanate (PZT) sheets
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with a thickness of 0.27 mm (0.0105 inches) [20]. Both types of piezoelectric transducers
are pictured in Figure 2.6. The PZT sheets were trimmed to smaller sizes to be used on the
face of the split plate. Copper wire was used to introduce a voltage across the thickness of
the PZT and copper wires were soldered to the tape. Patches were adhered to the part using
super glue. It is important to note that throughout the course of this research, the design for
homemade piezoelectric transducers and sensors evolved as areas for improvement were
identified. Another consideration is the form of excitation and response generated by the
different types of piezoelectric transducers.

Figure 2.6. Types of piezoelectric transducers used for testing: MFC (left) and PZT
(right).
Piezoelectric materials produce a mechanical strain and deform when subject to an
electrical field. There are two common modes of operation: 3-1 and 3-3 modes. The 3-1
mode generates a strain in the direction perpendicular to the direction of polarization and
the 3-3 mode generates force or strain in the same direction as the electric field. These
operating modes are shown in Figure 2.7 [21, 22].
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Figure 2.7. Operating modes for piezoelectric materials: (a) 3-3 mode, (b) 3-1 mode.
Additionally, there are two common types of piezoelectric devices: monolithic
piezoelectric wafers and piezoelectric fiber composites. Monolithic piezoelectric wafers
are often a single piece of material and operate in the 3-1 mode. The PZT patches used in
this test are monolithic piezoelectric wafers. This type of device is subject to out-of-plane
electric field but senses in the in-plane direction and are often quite brittle and difficult to
use with non-flat surfaces. Piezoelectric fiber composites are often thinner and more
flexible and commonly operate in the 3-3 mode, in which both the electric field and sensing
occur in the out-of-plane direction [21]. The MFC patches from Smart Materials are
piezoelectric fiber composites. Because of the differences in piezoelectric devices and
operating modes, it is difficult to directly compare results between MFC and PZT patches,
as they sense different modes based on in-plane and out-of-plane motion.
The input voltage was generated using a piezoelectric amplifier Model PZD350A
from Trek®. This amplifier can provide the high voltage and low current required for
piezoelectric transducers [19]. For this testing, the response was measured using the
scanning function of the SLDV, which generated FRFs and coherence plots, as well as
colormaps of the part’s response. A diagram of the test setup is illustrated in Figure 2.8 and
the laser positioning is shown in Figure 2.9. The laser is positioned at approximately the
same height as the part being scanned with a standoff distance of about one meter. The
build plate is angled up slightly to be more in-plane with the laser.
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Figure 2.8. Schematic of setup for SLDV testing with piezoelectric transducers.

Figure 2.9. Lab setup for SLDV testing with piezoelectric transducers.
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2.1.3 Finite Element Analysis
Since different supports were disconnected for the parts, two FEA models were
created in Altair HyperWorks. All models were created by Kevin Johnson, a PhD candidate
at Michigan Tech. One model had the left side disconnected to represent part 3 and the
other model had the back support disconnected to represent parts 1 and 4. An FEA model
was not provided for part 2. The parts were modeled with a fixed boundary condition at
the base of each part. These models were used for comparison with the animated colormaps
from the SLDV. Comparison was performed by manually scanning through the mode
shapes and scan results to find similarities and this process identified many challenges with
comparing and matching mode shapes, which will be discussed in section 3.1.4.

2.2 Split plate with rigid supports
The second build plate consisted of similar split plates. To simplify the parts’
responses, the lattice supports were replaced with rigid supports shown in Figure 2.10. The
number and location of beams inside the split plate remained unchanged from the previous
build plate. All parts were assumed to be identical and nominal. The methods in this section
are presented in chronological order.
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1

3

2

4

Figure 2.10. Split plate build with rigid supports.

2.2.1 Piezoelectric Test 1 with SLDV
PZT patches were used with the SLDV to generate FRFs from 1 to 40 kHz. All parts
were tested with a grid of 143 scan points on the face of the plate. A 7 V periodic chirp
was input to the patch and the response was recorded with 20 complex averages and a
frequency resolution of 0.4883 Hz. The goal of this test was to determine whether the new
support structure simplified the parts’ response and to establish a baseline nominal
response.
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2.2.2 Impedance Testing
Impedance testing was explored as a potential screening method for finding defects,
since it is faster and easier than SLDV testing. Establishing a baseline measurement from
nominal parts would provide a comparison for defective parts. Unlike the SLDV response,
impedance measurements do not indicate the location of the defect and the results are
dependent upon the consistency of size, capacitance, and location of the piezoelectric
transducer Measurements were taken using a Keysight E4990A Impedance Analyzer using
both MFC and PZT patches. The test setup involves attaching the leads to the terminals of
the signal conditioner, as shown in Figure 2.11.

Figure 2.11. Impedance test setup.

2.2.3 Beam 139 removed on Part 2
To test whether the methods of dynamic evaluation can detect defects, a defect was
introduced in part 2 by removing beam 139 using a Dremel. The location of beam 139 is
indicated in Figure 2.12. As much material was removed as possible, but slight traces of
the beam remained, as shown in Figure 2.13. Parts 1, 3, and 4 remained nominal.
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Beam 139

Figure 2.12. Beam 139 location.

Figure 2.13. Beam 139 removed from part 2 on split plate with rigid supports.
After the beam was removed, part 2 was retested using an MFC patch to excite the part
and the SLDV to measure the response. The MFC patch was located on the left side of the
part, opposite the defect. This part was tested from 1 to 40 kHz using a grid of 143 scan
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points on the face of the plate, 20 complex averages, 0.4883 Hz frequency resolution, and
a 10 V periodic chirp input. This test was compared to the results from the nominal scan.
It is important to acknowledge that the nominal scan used a PZT patch, whereas this scan
used an MFC patch. Removing a beam should cause a localized reduction in stiffness
which should appear in the SLDV results as a higher amplitude response in the location of
the beam.
Impedance testing was also performed again to compare with the nominal results. Part
2 was tested from 1 to 100 kHz in 10 kHz intervals. The data was acquired using a 0.5 V
linear frequency sweep input, with 20 linear averages and 1500 measurement points per
interval. Impedance signatures should indicate a defect by a shift in peak frequencies
caused by the change in electromechanical impedance due to the reduction in stiffness.
Sample impedance measurements of two parts are shown below in Figure 2.14. While the
curves take on a very different shape from FRFs, they still show resonant peaks.

Figure 2.14. Sample impedance measurement.

2.2.4 Beam 3 removed on Part 2
When the previous results did not indicate the presence of a defect, a second beam
was removed on part 2 to determine whether the methods were unable to find the defect
due to the distance between the location of excitation and the location of the defect. This
time, beam 3 was removed. The locations of the two missing beams are indicated in Figure
2.15.
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Beam 139

Beam 3

Figure 2.15. Location of beams 3 and 139.
The same two tests were performed again. The test parameters and boundary
conditions for the SLDV scans were identical to the previous test and the MFC patch
remained in the top left corner on the face of the plate. Again, the results from this test
were compared with the nominal and one missing beam results.
The impedance test setup and conditions were identical to the previous impedance
tests on this part. The results were compared to nominal and one missing beam results to
see if there were any frequency shifts caused by the presence of defects and to explore the
effect of distance between excitation location and the defect.

2.2.5 FRFs using two piezoelectric transducers
A new method of generating FRFs was explored, which involved using two piezoelectric
transducers: one to excite the part, the other to measure the response. Two MFC patches
were glued to the face of the split plate and located near the top of the plate on opposite
sides (Figure 2.16). The test setup is illustrated in Figure 2.17. The data acquisition system
used for this test was the Crystal Instruments Spider 80X, which also functioned as a signal
generator. This system has maximum sampling frequency of 102.4 kHz. The Trek®
amplifier Model PZD350A was used, along with Charge Amplifier Type 2635 from Brüel
& Kjær.
All four parts on the build plate were tested from 0 to 46,080 Hz with a frequency
resolution of 1.5625 Hz, 102.4 kHz sampling frequency, 50 linear averages with no
overlap, and a 20 V white noise input. The signal generator was used as the reference signal
for the FRFs. Coherence measurements were also obtained from these tests.
18

Figure 2.16. Location of MFC patches.

Figure 2.17. Test setup for generating FRFs with two piezoelectric transducers.

2.2.6 Frequency Response Assurance Criterion
Using the averaged FRFs generated from testing with two piezoelectric transducers,
the similarity between part responses was evaluated through FRAC using MATLAB code
which is provided in Appendix C. All combinations of simulated and experimental FRFs
were used to calculate FRAC. This metric was evaluated across the entire frequency range
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(0 – 46,080 kHz), and in smaller frequency ranges from 12 to 20 kHz and 2.8 to 4.2 kHz.
These smaller frequency bands were selected based on the presence of distinct peaks in the
FRFs.
The figures below illustrate how similarities in curves are represented using FRAC.
The FRFs in Figure 2.18 are very similar and produced a FRAC value of 0.99, whereas the
curves in Figure 2.19 do not follow the same trend across the frequency range and produced
a FRAC value of 0.238.

Figure 2.18. Example of similar FRFs producing a FRAC value of 0.99.

Figure 2.19. Example of dissimilar FRFs producing a low FRAC value.

2.2.7 Piezoelectric Test 2 with SLDV
When previous SLDV results on part 2 did not show a significant shift in peak
frequencies in the FRFs, the part was rescanned using the SLDV with piezoelectric
excitation with a higher scan point density around the location of the two defects. The goal
of this test was to see localized displacement around the missing beam in the scan
colormap.
An 11 x 11 grid of scan points was defined on the face of the plate. An additional
eight points were added around the location of the defect, for a total of 137 scan points, as
shown in Figure 2.20. The locations of the missing beams are indicated with red circles.
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This test was performed from 1 to 40 kHz using a 20 V periodic chirp input, 20 complex
averages, and a frequency resolution of 488.28125 kHz. The left MFC patch was used as
the drive patch.

Beam 139

Beam 3

Figure 2.20. Piezoelectric test with SLDV on part 2 with increased scan point density
around beams 3 and 139.

2.2.8 Piezoelectric Test 3 with SLDV
Part 2 was retested using the SLDV, but this time, the right MFC patch was used
as the drive patch. This purpose of this test was to analyze the effect of distance between
the defect and location of excitation. Since the previous scan was able to identify the defect
at beam 3, additional scan points were only placed around beam 139 (Figure 2.21). The
same test parameters were used as the previous test.
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Beam 139

Figure 2.21. Scan point location on part 2 with increased density around beam 139.

2.2.9 Finite Element Analysis
Two FEA models were created to represent the defects in part 2. The first model
had only beam 3 removed, and the second model had only beam 139 removed. Both models
used a fixed boundary condition at the base of the part. The results from piezoelectric
testing with the SLDV were used for comparison with FEA. In both the experimental
results and simulated results, there should be localized displacement around the missing
beam. In the comparisons, both beams 3 and 139 were identified but it was difficult to
correlate the experimental mode shapes to specific FEA modes. The results are presented
in sections 3.2.8 and 3.2.9.

2.2.10

L-configuration of PZT patches

When using piezoelectric transducers, the excitation and response of the part is
affected by the proportions of the patch. A square patch will excite and measure differently
than a long and narrow rectangular patch. This behavior was explored using four PZT
patches on part 1. Two PZT patches were placed in different orientations in opposite
corners of the part, as shown in Figure 2.22. The patches measured 17.78 mm by 8 mm,
with an area of 142.24 mm2 and a length-to-width ratio of 2.225. These patches were made
of industry type 5H (Navy Type VI) PZT with a thickness of 0.19 mm (0.0075 inches).
One patch was used to excite the part and the response was measured by a second patch.
All configurations of drive and response patches were tested. Signals were generated and
data was acquired using Crystal Instruments Spider 80X. For these tests, the drive patch
was given a 5 V swept sine input from 1 to 30 kHz with a 5 second period. FRFs were
generated from 0 to 46 kHz using 75 linear averages, a 1.5625 Hz frequency resolution.
The test setup is similar to what is shown in Figure 2.17, except this time, the amplifier’s
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voltage monitor was used as reference for the FRF, and the charge amplifier was removed
after discovering it increased noise in the measurements. A few of the FRFs produced
during this testing are shown in Figure 2.23. All the results will be presented and discussed
in-depth in Section 3.2.10.
This test also used a new design for PZT patches. Since stainless steel is a
conductive material, having more than one piece of copper tape directly in contact with the
metal creates a short circuit. A piece of Kapton tape was placed beneath each PZT patch to
prevent short circuiting. To prevent the copper leads from separating the copper tape from
the part, the copper wire was changed from 24 AWG to 28 AWG.

2

4
1

3

Figure 2.22. L-configuration of PZT patches on part 1.
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Figure 2.23. Example of three FRFs from L-configuration testing.

2.2.11

FRAC for L-configuration of PZT patches

FRAC was used with the FRFs from the L-configuration of patches to determine
whether the proportions of the PZT patch make a significant difference in the response.
FRAC was computed for each combination of drive and response patches. Since the swept
sine input started at 10 kHz and ended at 30 kHz, the FRAC was only computed in this
frequency range, instead of the entire 46 kHz range.

2.2.12

FRAC vs. Frequency

If two parts are identical, theoretically, the value of FRAC would be 1, across any
frequency range. Comparing defective parts to an established baseline from nominal parts
would result in a drop in the FRAC value. Typically, FRAC is a scalar value, however, for
parts 2 and 3 on the rigid support split plate build, FRAC was computed as a function of
frequency, resulting in a vector. The MATLAB code is provided in Appendix C. Although
part 2 was defective, the shape of the FRF from part 4 was quite different from parts 2 and
3, which would result in low FRAC values across the frequency range and would not be
suitable for evaluating the feasibility of this method. At this time, part 1 was not considered
for comparison, as it had a PZT patch, instead of an MFC patch.
FRFs were obtained for parts 2 and 3 using two MFC patches to excite the part and
measure its response. The test setup was identical to what is described in Section 2.2.10.
The left MFC was used as the drive patch and was given a 15 V swept sine input from 1 to
30 kHz and a period of 5 seconds. Data was obtained from 0 to 46,080 Hz, with a 1.5625
Hz frequency resolution, 75 linear averages, and the voltage monitor was used as reference
for the FRF.
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2.3 Split plate defect builds
2.3.1 Description of builds
Three split plates were built with intentional defects and are described in more
detail in the following sections. The support structures and mounting conditions for the
defect builds are the same as the nominal build plate. Identical tests were performed on all
three defect builds, as well as the nominal split plate build for comparison.
2.3.1.1 Defect Set 1
The first defect build, set 1, has four identical parts which are all missing the bottom
four beams, beams 128, 136, 144, and 145, as shown in Figure 2.24. The red x’s indicate
the locations of the missing beams.

Figure 2.24. Diagram of missing beams for split plate defect set 1.
2.3.1.2 Defect Set 2
Set 2 had missing beams in the lower right corner of the plate. An increasing
number of beams were removed, with part 1 missing a single beam, beam 145, and part 4
missing four beams, as summarized in Table 2.1. Figure 2.25 shows the part numbering
and missing beams, which are indicated with red x’s.
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Table 2.1. List of missing beams for defect build 2.
Part number
1
2
3
4

Missing beam numbers
145
144, 145
136, 144, 145
128, 136, 144, 145

Figure 2.25. Defect Set 2 part numbering and missing beams.
2.3.1.3 Defect Set 3
The third defective split plate build had missing beams at the top of the plate. Each
part had an increasing number of beams missing, as listed in Table 2, and shown in Figure
2.26. The part numbers are the same as the previous split plate builds.
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Figure 2.26. Missing beams on Defect Set 3.

2.3.2 Piezoelectric Test with SLDV
The defect builds were first tested using piezoelectric excitation with the response
measured with the SLDV. PZT patches made with Type 5H PZT were used to excite the
parts. The patches measured 1.1” by 0.70”, with a thickness of 0.19 mm (0.0075 inches).
All four parts were given a 20 V periodic chirp input from 1 to 40 kHz. Data was obtained
using 20 complex averages, with a frequency resolution of 0.4883 Hz. A grid of 143 scan
points was defined on the face of the plate and the results were used to compare with FEA.

2.3.3 Acoustic Testing
Because piezoelectric excitation produces an audible response, acoustic testing was
explored. In theory, the acoustic response should change based on the number of missing
beams, due to the way the sound resonates through the different structures. This idea was
explored using a PCB probe microphone with a 1 ¼” probe. The probe was inserted in the
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top right hole and a rubber stopper was used to ensure the probe was inserted at the same
depth for each part, as shown in Figure 2.27. All parts were tested from 0 to 46 kHz with a
100 to 30,000 Hz swept sine input at 5 V using a PZT patch, measuring 1.1” by 0.70”.

Figure 2.27. Probe microphone setup for acoustic testing.

2.3.4 Cantilever natural frequencies
Cantilever beams have natural frequencies that are easy to compute based on
geometry and material properties. Since the first natural frequency for a cantilever beam is
relatively low, it should be easy to detect and may identify itself as a new peak in the FRF.
This scenario was tested using part 4 on the nominal build plate. Beam 139 was modeled
as a cantilever beam and was made increasingly defective using a Dremel. Four different
degrees of defects were tested. First, a small amount of beam material was removed. Then,
more of the beam material was removed. The third degree of the defect was the cantilever
condition, where the bottom of the beam was unattached to the bottom face of the plate,
but the top remained intact. The fourth and final defect consisted of beam 139 being
removed. All defect conditions are shown in Figure 2.28. Acoustic testing was performed,
and the test setup and parameters were identical to those mentioned in Section 2.3.3. The
acoustic data for all build plates, including the cantilever conditions, were compared using
FRAC and several trends were identified.
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Figure 2.28. Defect conditions for part 4 on nominal build for cantilever natural
frequencies.
The natural frequencies for two sets of beam geometries were calculated using (3)
and (4) below, where E is the elastic modulus, I is the moment of inertia, ρ is the density,
A is the area, l is the length, and d is the depth. For both scenarios, the beams were modeled
as rectangles. The first geometry used the given beam dimensions of 0.5 by 0.5 mm and
the second used measured beam dimensions, provided by Vibrant, which measured 0.74
by 0.94 mm. For both cases, the beams were 7 mm long. The material properties included
a 130 GPa elastic modulus and density of 8000 kg/m3, which are identical to the values
used in FEA. Only the first natural frequency was explored since the second natural
frequency fell outside the measurable frequency range. The calculated frequencies are
listed in Table 2.2.
𝐸𝐼

𝑤𝑛,1 = 1.8752 √𝜌𝐴𝑙4 (𝑟𝑎𝑑/𝑠)
𝐼𝑟𝑒𝑐𝑡 =

𝑙𝑑 3
(𝑚𝑚4 )
12
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(3)

(4)

Table 2.2. First natural frequencies for cantilever beam conditions.
Beam dimensions
0.5 x 0.5 mm
0.74 x 0.94 mm

Natural Frequency (Hz)
6,644
9,833

It is important to consider that neither beam geometries used to compute the
cantilever natural frequency are truly representative of the beam since the beam’s length
and cross-sectional area changed as material was removed and the beam was not measured
throughout testing, as it is difficult to measure internal features. While error exists between
the dimensions, it is hard to assess the significance of this error and despite the error, the
computed frequencies provide a frequency range where the true cantilever natural
frequency would appear.

2.3.5 Impedance Testing
Impedance testing was performed to identify possible issues with the PZT patches,
such as faulty leads or poor coupling between the part and the patch and verify the results
from acoustic testing. The response was measured from 10 to 30 kHz in 5 kHz intervals
with a frequency resolution of 0.3335 Hz and a linear frequency sweep. This test was
performed using the same PZT patches as acoustic testing, with Kapton tape between the
patch and the surface of the part. Each part was given a 0.5 V input and the magnitude and
phase of impedance was recorded.

2.3.6 Mode shape analysis in MATLAB
One of the biggest obstacles with the SLDV data is comparing the results with FEA.
Not only is it tedious and time consuming, but there is considerable error because the
comparison is based solely on visual inspection. Additionally, the experimental and FEA
data are displayed in different formats and in separate softwares, further complicating the
comparison. To overcome this issue, both data sets were imported into MATLAB which
allows for several different comparisons to be made using the same geometry for both FEA
and experimental data and provides a qualitative analysis. All the MATLAB code used for
this method is provided in Appendix D.
Importing the SLDV data into MATLAB requires several functions written by
Polytec. The experimental data imported includes a frequency vector, FRF data, scan
coordinates and geometry, and point indices. Since the part coordinates are generated by
the laser and are affected by standoff distance and angle of the part with respect to the laser,
the dimensions vary among parts. During the data import, the parts are all scaled to the
same geometry. For this analysis, the experimental data was imported as complex-valued
FRFs, however, the function used for data import allows the user to specify the form of
data they wish to use.
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FEA data for the face of the split plate was exported from Altair HyperWorks for
the nominal build plate and defect Set 1, along with their corresponding frequency vectors.
The nominal and defective data have 468 and 470 modes, respectively, both ranging from
approximately 3 to 40 kHz. The out of plane motion was calculated based on the 45-degree
angle of the plate and the grid for this data has one point for each beam, for a total of 145
data points.
Once both data sets were in MATLAB, the experimental data was interpolated to
match the FEA geometry and point grid. Having the same geometry for both sets of data
allows a direct comparison. The experimental data was interpolated from 5 to 30 kHz.
There is no need to interpolate outside this frequency range since the defect for Set 1 will
appear within this range and the mode shapes become so complex at higher frequencies
that the coarse spatial resolution cannot accurately portray these modes. Both data sets
were then scaled to be on the same order of magnitude. Metrics, such as MAC, can be
skewed by differences in orders of magnitude between the data sets being compared. For
this analysis, both the FEA and experimental data were scaled to have a maximum value
of 1.
2.3.6.1 Mode correlation using MAC vs. frequency
The data was initially compared using MAC to find the experimental frequency that
correlates to a particular FEA mode. After selecting the test mode to compare, a vector of
MAC values was computed between FEA data at the test frequency and every frequency
in the experimental data. The highest MAC value across the frequency range indicates the
experimental frequency that correlates to the specified FEA test mode. Once the frequency
is identified for each part, the parts were compared to each other using MAC to assess the
similarity in mode shapes. It is expected that these mode shapes would all look nearly
identical and have MAC values close to unity.
2.3.6.2 CoVRMAC
The most beneficial analysis of the SLDV data is using the CoVRMAC
(Comparison Vector Response Modal Assurance Criterion) method, which is used to
generate colormaps that provide a visual representation that is easy to interpret and clearly
identifies whether parts are similar or different. These colormaps can be used for a variety
of comparisons between FEA, nominal, and defective data sets. The process for generating
these colormaps are:
1. Select a reference part and a comparison part and the frequency range for which
these parts will be compared
2. At the first reference frequency, compute MAC along all frequencies of the
comparison part to produce a vector
3. Move to the next reference frequency and compute MAC along all comparison
frequencies
4. Continue until all reference frequencies have been used
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At this point, this process yields a MAC vector at each reference frequency (Figure
2.29). Then, these vectors are stacked up and colors are assigned to the values to produce
a colormap. A sample colormap is provided in Figure 2.30 and will be explained more
thoroughly in Section 3.3.6.

Figure 2.29. Stack of MAC vectors at several reference frequencies to illustrate the
process of generating CoVRMAC colormaps.
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Figure 2.30. Sample CoVRMAC colormap.
When the data was first plotted in MATLAB, it was clear to see that a lot of the
measured displacement was coming from the PZT. When using the laser, it cannot pick up
the displacement of the part face underneath the PZT and instead it measures the bending
of the patch as it is given an applied voltage. When using all 145 interpolated data points
for analysis, the results were inaccurate since they were being skewed by the PZT. The 33
points where the patch was located were removed from analysis, for a total of 112 points.
It is important to note that for the defect Set 1, the patches were not located over the defect,
however, for this may pose problems in a manufacturing setting where the location of the
defect is unknown.
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3 Results
Results are organized based on the build plate and testing methods. Each section begins
with a summary of the results of experimental testing, followed by a deeper analysis of the
results for each testing method.

3.1 Split plate with lattice support build
3.1.1 Summary of lattice build results
Two kinds of tests were performed on the split plate build with lattice supports: impact
testing and piezoelectric testing with the SLDV.
Impact testing was performed first and was fairly straightforward. When impacting
the face of the split plate, this method was able to excite the parts up to 8 kHz with clear
results. All four parts showed similar behavior across the entire frequency bandwidth, with
several distinct peaks matching up at lower frequencies. This data revealed that parts 1 and
4 have a similar response, which is expected since both parts have a disconnected back
support wall. Similarly, parts 2 and 3 also indicated similar responses. When impacting the
side of the split plate, part 4 displayed a unique resonance at 1.542 kHz, and the similar
responses between parts 1 and 4 and parts 2 and 3 was still apparent. While impact testing
produced satisfactory results, the complex response of the split plate parts required higher
frequency excitation.
To reach higher frequencies, piezoelectric excitation was used, and the response
was measured with the SLDV. This test was able to excite the part up to 40 kHz, but the
results were very complex and jagged due to the support structure modes. As seen in the
impact testing results, parts 2 and 3 still showed similar responses despite the differences
in piezoelectric transducers. It was difficult to evaluate the parts’ responses from the jagged
FRFs, so the animated colormaps of mode shapes from the laser were compared to FEA,
however, this comparison was complicated by many factors including interference from
the PZT patches, differences in displays between experimental and synthesized data, spatial
resolution, and complex mode shapes. Only parts 1 and 4 were compared with FEA and
only one mode shape showed a strong match between the three data sets. The comparison
is based solely on visual inspection which makes it tedious and time consuming. Also,
considerable error is likely to exist between the results.

3.1.2 Impact Testing
The goal of impact testing was to get a sense of the parts’ responses and identify
trends in their behavior. Figure 3.1 shows the four parts’ responses at point 1 on the face
of the plate, which was also the drive point. All four FRFs show similar behavior, with the
curves stacked on top of each other. There are several sharp and distinct peaks at low
frequencies (< 3 kHz) and the responses become more complex as frequency increases.
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Figure 3.1. Point 1 drive point FRFs for split plate build with lattice supports from 0 to
8,200 Hz.
Point 10, located at the top of the plate on the side, also displayed similar responses
for all four parts across the entire bandwidth (Figure 3.2). Again, there are several distinct
peak frequencies at low frequencies, and one prominent peak around 4 kHz. These results
indicate that impact testing can excite several modes at frequencies up to 8 kHz with clear
results.
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Figure 3.2. Point 10 FRF from impact testing for lattice support split plate build.
Several trends were identified in the impact test FRFs. First, when looking at points
1 through 5 from 3,350 to 4,375 Hz in Figure 3.3, parts 1 and 4 appear to follow a different
trend than parts 2 and 3. This figure also shows that while parts 2 and 3 have similar
responses in this region, the curve for part 3 seem shifted to the right of part 2. This trend
also appeared at higher frequencies. From 6,300 to 7,500 Hz, parts 1 and 4 displayed
similar behavior, while parts 2 and 3 did, too (Figure 3.4). Since parts 1 and 4 both have
the back support wall disconnected, it is expected that they would have similar responses.
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Figure 3.3. Points 1-5 FRFs for all four parts from 3,350 Hz to 4,375 Hz.

Figure 3.4. Points 1-5 FRFs for all four parts from 6,300 Hz to 7,500 Hz.
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When looking at the FRFs from the side of the split plate, part 4 displayed unique
behavior. Figure 3.5 shows the responses for all four parts at points 10 through 13 across
the entire frequency range. Part 4 is the only part to display a resonance at 1,542 Hz. This
peak is boxed in the figure below.

Figure 3.5. FRFs for all four parts at points 10-13 across entire frequency range.
As seen before with measurements from the face of the plate, the parts’ responses
from the side of the plate seem to be grouped together as well. From 6,000 Hz to 7,400 Hz,
the responses points 10 through 13 show similar curves for parts 1 and 4, with parts 2 and
3 displaying similar responses to each other, but slightly different than parts 1 and 4 (Figure
3.6).
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Figure 3.6. All four parts FRFs from points 10-13 between 6,000 Hz and 7,400 Hz.
Impact testing was attempted on the support material to determine if the responses
would indicate which sides of the outer wall support material was attached. As it was being
repeatedly impacted, the support material started to deform. Since the material was too soft
for impact testing, no FRFs were recorded, as the response changed with each impact.
Impact testing was clearly able to excite several modes in lower frequencies, but
since the split plates have complex responses, higher frequencies need to be explored to
analyze regions where defects, such as missing beams, can be identified. The easiest way
to reach the high frequencies was through piezoelectric excitation.

3.1.3 Piezoelectric Test with SLDV
Initial piezoelectric tests looked at the response of part 2 with an MFC patch and
parts 1, 3, and 4 with PZT patches. Figure 3.7 shows all four parts’ responses from 1 to 15
kHz. Past 15 kHz, the curves become very jagged and lack distinct peaks. This figure
indicates the piezoelectric transducers are exciting more modes than impact testing,
however, many of these modes are attributed to the support structure.
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Figure 3.7. FRFs from piezoelectric testing with SLDV for all four lattice build parts
from 1 to 15 kHz.
Impact testing showed that the parts responses were grouped, with parts 1 and 4
exhibiting similar responses, and parts 2 and 3 as well. While parts 2 and 3 both have a
disconnected side support wall, it is difficult to directly compare their FRFs, due to the
MFC and PZT patches exciting different modes, yet despite the difference in transducers,
the parts still showed more similar responses to each other, than they did to parts 1 and 4.
Figures 3.8 and 3.9 show the responses for parts 1 and 4 and parts 2 and 3, respectively.
The results of this test are consistent with the trends identified from impact testing.
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Figure 3.8. Parts 1 and 4 FRFs from 1 to 15 kHz.

Figure 3.9. Parts 2 and 3 FRFs from 1 to 15 kHz.

3.1.4 Finite Element Analysis
Using the results from the piezoelectric testing, the SLDV colormaps were
compared with mode shapes from FEA for parts 1 and 4. By visually scanning through the
parts’ response, the experimental mode shapes were correlated to FEA modes, however,
several factors complicated this process. First, since the piezoelectric patches were glued
to the face of the plate, the SLDV recorded the response of the patch bending instead of
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the response of the face of the split plate beneath the patch. Additionally, the SLDV
measures the out of plane motion of the part, whereas the FEA images show overall
displacement. The different formats of the results make it difficult to directly compare the
two. When viewing the experimental mode shapes in the PSV software, it is crucial that
the Filter Data presentation option is turned off. This option dramatically changes the way
mode shapes are displayed. These differences are illustrated in Figure 3.10. Another factor
impacting the appearance of the SLDV results is spatial resolution. Increasing the number
of scan points will provide more detailed mode shapes and make it easier to compare with
FEA, however, it also increases the duration of the test. This is a trade-off that must be
balanced. As the frequency of the mode increased, the modes become more complex,
making it even more complicated to compare the results.

Figure 3.10. Lattice support split plate build part 1 at 8.5264 kHz with Filter Data option
(left) and without Filter Data option (right).
Because of all these factors complicating the comparison, only one mode shape for
parts 1 and 4 showed a strong match with FEA. It is also difficult to assess whether this is
the correct mode since it is based solely on visual inspection and are subject to human
error. The mode shape is presented below in Figures 3.11. While the FEA image shows the
same magnitude of displacement for the two nodes, they are moving out of phase which
has been confirmed with an animation of the mode shape. Parts 2 and 3 were not compared
with FEA.
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Figure 3.11. Lattice build mode 124 comparison with parts 1 and 4.

3.2 Split plate with rigid support build
3.2.1 Summary of rigid support build results
Three kinds of experimental tests were performed on the nominal split plate build:
piezoelectric testing with SLDV, impedance testing, and generating FRFs with two
piezoelectric transducers.
Piezoelectric testing with the SLDV was performed first to see if the new support
structure design simplified the dynamic response. The FRFs from this testing match up
well for the four parts. All four parts exhibited the two prominent peaks around 14.3 and
17.3 kHz. While this test showed that the new supports produced a simpler response,
scanning the parts is time consuming. Impedance testing was explored since it is a quick
and simple test.
The parts were impedance tested using PZT patches. The parts showed similar
peaks across all four parts, with a distinct peak at 17.3 kHz which was also seen in the
SLDV results. To get more consistent results, the parts were retested using MFC patches.
The results showed the same peaks as the SLDV results, at 14.3 and 17.3 kHz.
Since both SLDV and impedance testing were able to identify common peaks
across the four parts, beam 139 was removed from part 2 to determine whether these
methods would identify the defect based on a frequency shift or higher amplitude
displacement in the colormap. SLDV and impedance testing were performed again, and
the results of both tests indicated minimal frequency shifts, making it difficult to conclude
that the data is indicating a defect.
A second beam, beam 3, on the other side of part 2 was removed to determine
whether beam 139 was undetected due to the distance between the defect and location of
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excitation. Again, the SLDV and impedance results did not show significant frequency
shifts.
Since previous methods did not detect frequency shifts, a new method of generating
FRFs attempted. This method involved using two piezoelectric patches: one to excite the
part, one to measure the response. This test produced smooth FRFs with high coherence
and indicated many peaks that matched up for all four parts. FRAC was used to evaluate
the similarity of the parts’ responses. This data was also used to compute FRAC as a
function of frequency, resulting in a vector which shows the frequencies at which the
responses between two parts are similar or different.
To find the missing beams on part 2, the part was retested using the SLDV and a
higher density of scan points surrounding the defects. The results of this test indicate that
the defect can be detected with an appropriate spatial resolution but is dependent on
distance between location of excitation and the defect.
The effect of PZTs on parts’ responses was explored using four PZT patches in
different locations and orientations. All combinations of drive and response patches were
tested and there were several instances where all 12 FRFs had a common peak. Analyzing
the results using FRAC indicated that the responses had strong reciprocity but showed
differences in non-reciprocal measurements, which means that characteristics of the PZT
patch affects the part’s response. These results are discussed in-depth in section 3.2.7.

3.2.2 Piezoelectric Test 1 with SLDV
Since the dynamic signatures of the previous build plate were so complicated, the
lattice supports were replaced with rigid supports with the goal of simplifying the parts’
responses. This scan data was collected to establish a baseline measurement for the new
build plate and to assess whether the new support structures made the response less
complex than the lattice supports. Figure 3.12 shows the FRFs from piezoelectric testing
with the SLDV for all four parts on the build plate.
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Figure 3.12. FRFs from piezoelectric testing with SDLV for all four parts on split plate
build with rigid supports from 1 to 40 kHz.
Based on the FRFs, all four parts seem to follow the same trend, with many resonant
peaks that line up for all four parts. Compared to the lattice support build FRFs (Figure
3.7), the rigid supports produced a simpler response. The lattice build FRFs became very
jagged around 15 kHz, but the rigid supports still show smooth curves, with sharp and
prominent peaks even at frequencies above 15 kHz. At lower frequencies (< 15 kHz), there
are several more peaks than the lattice build. All four parts exhibited very similar responses
between 7 kHz and 11.5 kHz (Figure 3.13). While the previous build plate showed
groupings of parts 1 and 4, and parts 2 and 3, it is difficult to determine if this trend exists
for the rigid support build, just based on visual inspection of the FRFs.

Figure 3.13. FRFs for all four parts from 7 to 11.5 kHz.
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Two prominent peaks that were used to compare the four parts occurred around
14.3 and 17.3 kHz, shown in Figure 3.14. The peak frequencies and statistics are provided
in Table 3.1.

Figure 3.14. FRFs from 12 to 20 kHz for all four parts, showing prominent peaks at 14.3
kHz and 17.3 kHz.
Table 3.1. Peak frequencies and statistics for nominal split plate parts around 14.3 kHz
and 17.3 kHz from SLDV.
Frequency (Hz)
Part 1
Part 2
Part 3
Part 4

14,292
14,342
14,330
14,267

17,260
17,311
17,308
17,195

Mean (µ)
Standard deviation (σ)
Range

14,307.75
34.53
75

17,268.5
54.29
116

Several interesting trends were identified from this data. For both peaks, part 4 had
the lowest frequency and was farthest from the mean, whereas part 1 was closest to the
mean. Parts 2 and 3 were closest in frequency to each other and had two highest frequencies
for both peaks. The grouping of parts seen here is consistent with the trends seen in the
lattice support build.
Since previous results from the lattice build revealed many issues with comparing
experimental and simulated data, FEA comparison was not performed using this data. After
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identifying that the new build plate had a simpler response, the next method of dynamic
evaluation that was performed was impedance testing.

3.2.3 Impedance Testing
The goal of impedance testing was to determine whether the impedance traces
would show similar and distinct natural frequencies that could be used for comparison
between nominal and defective parts. The first impedance test was performed using PZT
patches with a linear frequency sweep from 1 to 32 kHz, 20 linear averages, and an input
voltage of 0.5 V. Using 1,600 measurement points along the entire frequency range, the
frequency resolution was 19.375 Hz, and the goal for the first set of impedance data was
to determine the feasibility of this method.
Impedance is a complex number, expressed in the units of resistance (Ohms) and
for the impedance testing performed, all measurements are expressed as magnitudes.
Figure 3.15 shows the impedance traces from 15 to 32 kHz. There were no significant
peaks at frequencies below 15 kHz.

Figure 3.15. Impedance traces from 15 to 32 kHz.
When the first test showed similar peaks across the four parts, smaller regions were
tested with finer frequency resolutions. The first range was from 16 to 18 kHz, which
targeted the large distinct peak shown in Figure 3.15. This test used 20 linear averages and
1,500 measurement points, for a frequency resolution of 1.33 Hz. The impedance traces
for this frequency range are shown in Figure 3.16. All four parts had a peak around 17.3
kHz, with a mean of 17,292.5 Hz, 32 Hz standard deviation, and 60 Hz range, as listed in
Table 3.2. This is the same peak that was seen in the SLDV results and indicates the same
results. Again, part 4 had the lowest frequency and was farthest from the mean, part 1 was
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closest to the mean, and parts 2 and 3 had the closest frequency to each other and had the
highest frequencies out of the four parts.

Figure 3.16. Impedance traces from 16 to 18 kHz for split plate build with rigid supports.
Table 3.2. Peak frequencies around 17.3 kHz from impedance testing for split plate build
with rigid supports.
Part 1
Part 2
Part 3
Part 4

Frequency (Hz)
17,270
17,320
17,320
17,260

Mean (µ)
Standard deviation (σ)
Range

17,292.5
32
60

The other frequency ranges that were examined more closely were 26 to 30 kHz
and 30 to 33 kHz, with frequency resolutions of 2.67 Hz and 2 Hz, respectively. As shown
in Figures 3.17 and 3.18, the lack of distinct peaks in these regions made it difficult to
compare the parts.

48

Figure 3.17. Impedance traces from 26 to 30 kHz.

Figure 3.18. Impedance traces from 30 to 33 kHz.
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Since there was only one significant peak that could be used for comparison, the
parts were impedance tested again up to 100 kHz. Data was collected in 10 kHz intervals
using 1,500 measurement points, for a frequency resolution of 6.67 Hz. The other test
parameters remained unchanged from previous testing. Figure 3.19 shows impedance
traces from 30 to 70 kHz. The curves are extremely jagged with numerous peaks, making
it difficult to find peaks that are aligned across all four parts.

Figure 3.19. Impedance traces from 30 to 70 kHz using PZT patches.
To try to get more consistent results, the next impedance test used MFC patches,
instead of PZT patches. This way, the patches would be the same size with similar
capacitance. The patches were placed 4 mm in from the left edge of the split plate and 4
mm down from the top edge, as shown in Figure 3.20. Since the previous impedance test
did not show distinct peaks above 50 kHz, testing with MFC patches began with 1 to 50
kHz to see if the data was less jagged and more repeatable, before testing up to 100 kHz.
By looking at Figure 3.21, the MFC patches produced smoother curves than PZT patches
at frequencies up to 50 kHz, but it was difficult to identify peaks in the higher frequency
regions.
The parts all showed several similar peaks between 14 and 18 kHz (Figure 3.22).
The two most prominent peaks, around 14.3 and 17.3 kHz, were used for comparison since
they are consistent with the SLDV results. The frequencies for each part and peak are listed
in Table 3.3.
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Figure 3.20. MFC patch location for impedance testing.

Figure 3.21. Impedance traces for nominal parts from 0 to 50 kHz using MFC patches.
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Figure 3.22. Impedance traces between 14 and 18 kHz, showing similar peaks.
Table 3.3. Impedance peak frequencies for nominal parts at 14.3 kHz and 17.3 kHz.
Frequency (Hz)
Part 1
Part 2
Part 3
Part 4

14,267
14,370
14,316
14,243

17,378
17,419
17,392
17,312

Mean (µ)
Standard deviation (σ)
Range

14,299
56.24
127

17,375.5
45.47
107

Like the SLDV data, part 4 had the lowest frequency for both peaks. At 14.3 kHz,
part 3 was closest to the mean, whereas part 1 was closest to the mean at 17.3 kHz. Parts 2
and 3 were the closest in frequency for both peaks.
While the results of impedance testing agreed with many trends identified in the
SLDV data and was less time consuming, it is important to determine whether this method
can detect frequency shifts caused by defects. To test this, part 2 was made defective by
removing beam 139.

3.2.4 Beam 139 removed on part 2
After removing beam 139, part 2 was tested again using the SDLV and impedance
monitor. At this time, an MFC patch was still adhered to the face of the split plate in the
upper left corner and the missing beam was located on the opposite side of the part.
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The results of the piezoelectric testing with the SLDV did not indicate a defect
was present in the part, based on the animated colormaps which did not show a higher
amplitude response surrounding the location of the defect. The nominal FRF for part 2
from previous testing was compared to the FRF when beam 139 was missing. Between 10
and 20 kHz, the FRFs seem to follow the same trend and have prominent peaks around
14.3 and 17.3 kHz, however, the frequency shift after introducing a defect was minimal
(Figure 3.23). The nominal part had peaks at 14,340 Hz and 17,310 Hz, while the defective
part had peaks at 14,320 Hz and 17,380 Hz. To determine whether the frequency shifts
were statistically significant, the results were compared to the nominal measurements for
all parts on the split plate build.

Figure 3.23. FRF from SLDV for part 2 as nominal and missing beam 139 from 10 to 20
kHz.
To compare the defective part to the nominal parts, the same two peaks at 14.3 and
17.3 kHz were used, as shown in Figures 3.24 and 3.25. The peak frequencies, mean,
standard deviation, and range for the 14.3 kHz peak are listed in Table 3.4. The mean,
standard deviation, and range were calculated with only nominal data. The peak frequency
for part 2 without beam 139 is closer to the mean frequency than part 4 and falls well within
three standard deviations away from the mean. Because the frequency shift at this peak
frequency does not seem statistically significant, it is difficult to conclude that the data is
indicating a defect.
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Figure 3.24. SLDV FRFs from 13.5 to 15.5 kHz for all split plate parts and part 2 missing
beam 139.

Figure 3.25. SLDV FRFs from 16.5 to 18.5 kHz for all split plate parts and part 2 missing
beam 139.
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Table 3.4. Peak frequencies and statistics for split plate parts around 14.3 kHz from
SLDV.
Part 1
Part 2
Part 3
Part 4

Frequency (Hz)
14,292
14,342
14,323
14,267

Mean (µ)
Standard deviation (σ)
Range
Mean ± 3σ

14,307.75
34.53
75
(14,204.16, 14,411.34)

The same statistics were calculated for the peak at 17.3 kHz, as shown in Table 3.5,
below. Although part 2 showed a bigger shift in frequency than the peak at 14.3 kHz, the
70 Hz shift still falls within three standard deviations. Unlike the previous comparison, the
frequency of the defective part is farther from the mean than part 4. Again, the frequency
shift does not seem statistically significant to indicate a defect.
Table 3.5. Peak frequencies and statistics for split plate parts around 17.3 kHz from
SLDV.
Part 1
Part 2
Part 3
Part 4

Frequency (Hz)
17,260
17,311
17,378
17,195

Mean (µ)
Standard deviation (σ)
Range
Mean ± 3σ

17,268.5
54.29
116
(17,105.64, 17,431.36)

After beam 139 was removed, the part was impedance tested with an MFC patch
up to 100 kHz with a frequency resolution of 6.67 Hz. The 14.3 and 17.3 kHz peaks were
also evident in the impedance data and used for comparison (Figure 3.26). The statistics
for the peaks are listed in Table 3.6. The largest frequency shift was 10 Hz. One interesting
aspect about the results is that the frequency shift in impedance measurements was much
less than in the SLDV results, but like the SLDV results, it is difficult to conclude that the
data is indicating a defect, since the peak frequencies for part 2 shifted so minimally.
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Figure 3.26. Part 2 impedance traces from 14 to 19 kHz for nominal and missing beam
139.
Table 3.6. Peak frequencies and statistics from impedance testing for 14.3 kHz and 17.3
kHz peaks from impedance testing for nominal parts and part 2 missing beam 139.
Frequency (Hz)
Part 1
Part 2
Part 2 missing beam 139
Part 3
Part 4

14,267
14,370
14,356
14,316
14,243

17,378
17,419
17,411
17,392
17,312

Mean (µ)
Standard deviation (σ)
Range
Mean ± 3σ

14,299
56.24
127
(14,130.27, 14,467.73)

17,375.25
45.47
107
(17,238.83 17,511.66)

It is possible that the SLDV results and impedance traces did not detect the defect
due to the distance between the defect and location of excitation. Since the piezoelectric
patch and defect were located on opposite sides of the plate, a second beam was removed
directly below the patch to see if it would appear in the results.
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3.2.5 Beam 3 removed on part 2
After removing beam 3, located underneath the MFC patch, the part was retested
using the SLDV and impedance tested. The FRF in Figure 3.27 shows part 2 as nominal,
missing beam 139, and missing beam 3, from 10 to 20 kHz. Even with a frequency
resolution of 0.4883 Hz, the SLDV did not detect significant changes in the peak
frequencies around 14.3 and 17.3 kHz. As shown in Table 3.7, removing a second beam
did not significantly impact the frequencies and removing a beam 3 had a lesser effect than
removing beam 139.

Figure 3.27. FRF from SLDV for part 2 as nominal, missing beam 139, and missing
beams 3 and 139 from 10 to 20 kHz.
Table 3.7. Peak frequencies from SLDV at 14.3 kHz and 17.3 kHz for part 2 with and
without defects.
Frequency (Hz)
14,343
17,309
14,323
17,378
14,326
17,377

Nominal
Missing beam 139
Missing beams 3 and 139

When looking at impedance traces between 10 and 20 kHz, the removal of a second
beam did not create an obvious frequency shift, which is consistent with the SLDV results.
For both peaks at 14.3 and 17.3 kHz, the frequency decreased 7 Hz from nominal, as listed
in Table 3.8.
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Table 3.8. Peak frequencies from impedance testing at 14.3 kHz and 17.3 kHz for part 2
with and without defects.
Frequency (Hz)
14,370
17,419
14,356
17,411
14,363
17,412

Nominal
Missing beam 139
Missing beams 3 and 139

Based on these results and the negligible frequency shift after placing a defect
directly under the location of excitation, the distance between the defect and piezoelectric
transducer does not impact the results. These methods may not be sensitive to such a small
defect. It is also important to consider the location of the defects. Removing a beam should
cause a localized reduction in stiffness, however, this may not occur when the beams are
located near the edge of the plate and supported by its walls.
While the SLDV produces FRFs, the test can take several hours to run, depending
on test parameters and number of scan points. The goal of using two piezoelectric
transducers was to find a faster and more repeatable method of generating FRFs.

3.2.6 FRFs using two piezoelectric transducers
Using the left MFC patch to excite the part, the split plate parts were tested up to
46,080 Hz with a 20 V white noise input. For these measurements, part 2 is missing beams
3 and 139. The FRFs and coherence measurements are shown in Figure 3.28. The test had
very high coherence across the entire frequency range and the FRFs were smooth with
distinct peaks, especially in the 10 to 20 kHz region.
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Figure 3.28. FRFs using two MFC patches on split plate build with rigid supports.
The peaks around 14.3 and 17.3 kHz that appeared in the SLDV and impedance
measurements were not as easily identifiable in these FRFs. The curves have several peaks
around 14.3 kHz, making it difficult to determine which peaks should be selected (Figure
3.29). While previous results showed a peak at 17.3 kHz, the FRFs indicate the peak shifted
down (Figure 3.30). The mean frequency for the peak is 17,170.25 Hz. The individual
frequencies are listed in Table 3.9.
Even with the downward shift in frequency, several trends are consistent with
previous results. Part 4 has the lowest frequency and part 1 is closest to the mean. In both
Figures 3.29 and 3.30, parts 2 and 3 exhibit very similar behavior. While parts 1 and 4
show some similarities, the behavior of part 4 is quite different from the rest. This trend
appears throughout the data.
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Figure 3.29. FRFs from two MFC patches, 13.5 to 15.5 kHz.

Figure 3.30. FRFs from two MFC patches, 16.6 to 17.8 kHz.
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Table 3.9. Peak frequencies around 17.3 kHz from FRFs with two piezoelectric
transducers.
Part 1
Part 2
Part 3
Part 4

Frequency (Hz)
17,162
17,191
17,226
17,102

Mean (µ)
Standard deviation (σ)
Range

17,170.25
52.48
124

Between 2.8 and 4 kHz, the parts have similar, but not identical, behavior (Figure
3.31). Parts 2 and 3 show very similar responses. Both parts have a peak around 3,530 Hz,
but parts 1 and 4 do not. Around 3.9 kHz, part 1 has a small peak, part 4 has a distinct peak,
but parts 2 and 3 do not have any peak.

Figure 3.31. FRFs from two MFCs from 2.8 to 4.2 kHz.
The consistency of parts 2 and 3’s responses is seen across large frequency ranges.
From 12 to 20 kHz, as shown in Figure 3.32, the parts follow very similar patterns. Like
the previous figures, the response of part 4 is clearly different from the other parts.
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Figure 3.32. FRFs from two MFCs from 12 to 20 kHz.
Past 20 kHz, the responses start to become more complex and jagged, however, the
curves remain smooth. This method of dynamic evaluation was able to produce clean and
repeatable FRFs and was simple and less time consuming than previous methods. The
results identified trends that were observed in previous data, such as the grouping of parts
2 and 3. While the graphs visually indicate similarities and differences among the parts’
responses, the similarity was quantified using FRAC.

3.2.7 Frequency Response Assurance Criterion
FRAC is commonly used to evaluate the similarity between experimental and
simulated FRFs, on a scale of 0 to 1. For this analysis, FRAC was used to compare two
experimental FRFs. Using the FRFs generated using two MFC patches, FRAC was
calculated across various frequency ranges.
Across the entire frequency range, from 0 to 46,080 Hz, parts 1 and 2 had the
highest similarity, as shown in Table 3.10. Graphical trends would indicate that parts 2 and
3 would have the highest FRAC score, however, evaluating FRAC across the entire
frequency range is not the best representation due to the complex behavior at higher
frequencies. Parts 2 and 3 were still very similar, with a value of 0.7859. Across the table,
part 4 had the lowest correlation with all parts, which is consistent with the graphical trends.
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Table 3.10. FRAC for split plate build with rigid supports from 0 to 46 kHz.
Part 1

Part 2

Part 3

Part 4

Part 1

1

---

---

---

Part 2

0.8086

1

---

---

Part 3

0.7602

0.7859

1

---

Part 4

0.4016

0.2618

0.2739

1

To better understand the grouping of the parts, FRAC was computed across smaller
frequency regions where the similarities and differences were more distinct. From 12 to 20
kHz, parts 2 and 3 were the most similar with a FRAC value of 0.7593, and parts 1 and 2
still had a relatively high score (Table 3.11). Again, part 4 had the lowest values across the
board.
Table 3.11. FRAC for split plate build with rigid supports from 12 to 20 kHz.
Part 1

Part 2

Part 3

Part 4

Part 1

1

---

---

---

Part 2

0.7310

1

---

---

Part 3

0.5950

0.7593

1

---

Part 4

0.2140

0.0319

0.1224

1

The last frequency region was 2.8 to 4.2 kHz. As shown in Figure 3.31, all parts
had very similar responses, which would result in high FRAC values. In Table 3.12, the
lowest FRAC value was 0.9955, between parts 3 and 4. Parts 2 and 3 had the most similar
response, with parts 1 and 2 and parts 1 and 3 also having high levels of similarity.
Table 3.12. FRAC for split plate build with rigid supports from 2.8 to 4.2 kHz.
Part 1

Part 2

Part 3

Part 4

Part 1

1

---

---

---

Part 2

0.9991

1

---

---

Part 3

0.9991

0.9993

1

---

Part 4

0.9974

0.9961

0.9955

1
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3.2.8 Piezoelectric Test 2 with SLDV
Since previous laser scans did not reveal the defects in part 2, the part was retested
with an increased scan point density surrounding the defects to determine if defect
detection is dependent upon spatial resolution. This test used the left MFC patch as the
drive patch and the results were compared with FEA. The FEA models each had one
missing beam; there was not a model that had both beams 3 and 139 missing.
The defect first appeared in the experimental results at 15.445 kHz and was most
prominent between 23 and 24.5. kHz. In the FEA results, the defect first appeared at 16.443
kHz for mode 126. The synthesized results showed the defect the best between 22.5 and
23.5 kHz. Because so many of the modes show the same displacement, it is difficult to
accurately match up modes between SLDV and FEA data. For example, the displacement
at 22.243 kHz could be any mode between mode 184 and 191, ranging from 21.986 to
23.434 kHz, since they all show similar, localized motion around the defect. To illustrate
this point, Figure 3.33 shows the experimental mode shape at 22.243 kHz, as well as FEA
modes 184 and 191. Despite the difficulty properly matching modes, these results indicate
that an increased scan density can display a single beam defect.

Figure 3.33. Comparison of modes 184 and 191 with experimental response at 22.243
kHz.
Around 25 kHz, the missing beam 139 becomes apparent in the experimental
results, however, like beam 3, this defect should have appeared at lower frequencies. This
defect may not have appeared due to the distance between the defect and location of
excitation. To determine whether this was the cause, the part was rescanned using the right
MFC patch as the drive patch.

3.2.9 Piezoelectric Test 3 with SLDV
By using the right MFC patch, the SLDV results were able to identify the defect at
beam 139 and the results were compared to FEA, however it was much harder to identify
this beam than beam 3. The first instance of the missing beam occurred at 17.554 kHz,
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whereas beam 3 was detected at 15.445 kHz. The SLDV results clearly show the defect
between 23.5 and 25 kHz. Like previous results, it is difficult to determine which FEA
mode these frequencies correlate to, as there are 14 instances of this defect between 22 and
25.5 kHz in the synthesized results. To illustrate this point, Figure 3.34 compares the SLDV
results at 24.318 kHz with modes 186 and 225 from FEA. Additionally, the SLDV scans
hardly showed the defect at beam 3, further supporting the claim that the presence of
defects in these results is dependent on distance between location of excitation and the
defect, as well as scan density.

Figure 3.34. Comparison of modes 186 and 225 with experimental response at 24.318
kHz.
While these results indicate that scan density and excitation location are factors
influencing the detection of defects, there are a few important considerations. Since the
locations of the defects were known for this part, extra scan points were added in the
appropriate places which allowed the results to show the missing beam. When the location
of the defect is unknown, it will be important to balance the point density and duration of
scan. Pre-test analysis could also be a useful tool in determining an appropriate patch
location, however, it is also important to consider how the presence of a patch will affect
the scan data.

3.2.10

L-configuration of PZT patches

The effects of PZT patch size, location, and orientation were explored using four
PZT patches. 12 FRFs were generated using all configurations of drive and response
patches (Figure 3.35). The legend indicates ‘D’ for the drive patch and ‘R’ for the response,
based on the patch numbering in Figure 2.22. When looking at the FRFs from 1 to 30 kHz,
the responses follow the same general trend, but there are clear differences, indicating that
the orientation and location of the patch does affect the part’s response. The noise at low
frequencies (< 10 kHz) may be attributed to the distance between the drive and response
patches. The PZT patches were the smallest used on these parts and may not be able to
sufficiently measure the excitation across the part. Patches 1 and 4, located across the
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diagonal, exhibited this noise, whereas the responses between patches 1 and 2, located in
the same corner, did not.
There were several instances where all 12 FRFs had a common peak. Between 9
and 11 kHz, all responses exhibited peaks at 9.43 and 10.56 kHz (Figure 3.36). While these
peaks match up, the responses vary everywhere else, which may affect the ability to excite
certain modes and detect particular defects. Common peaks were also found at 14.91,
15.11, and 16.15 kHz (Figure 3.37). These peaks may be best to target frequency shifts
because they are easy to extract from the data and occur independently from the PZT patch
characteristics.

Figure 3.35. FRFs from L-configuration of PZT patches from 1 to 30 kHz.

66

Figure 3.36. FRFs from 9 to 11 kHz for all responses, illustrating two common peaks.

Figure 3.37. FRFs from 14.5 to 16.5 kHz for all responses, illustrating three common
peaks.
As shown in Figure 3.38, the responses are very consistent between patches, which
shows both reciprocity and repeatability in the measurements. These traits were also
evaluated using FRAC (Table 3.13). For reciprocal measurements, the FRAC values
between 10 and 30 kHz ranged from 0.903 to 0.992, with a mean value of 0.961. The
reciprocal values are highlighted in green in Table 3.13. The FRAC values for nonreciprocal measurements in this frequency range were significantly lower, ranging between
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0.026 and 0.466, with a mean of 0.152. The least similar responses were between D2 R1
and D1 R3. The highest FRAC value for non-reciprocal measurements occurred for D2 R3
and D4 R3.

Figure 3.38. FRFs between patches 2 and 3 (top), 3 and 4 (center), and 1 and 4 (bottom)
from 1 to 30 kHz (dB ref. 1 Vout/Vin).
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Table 3.13. FRAC results for L-configuration of PZT patches, with reciprocal measurements highlighted in green.
D1 R2

D1 R3

D1 R4

D2 R1

D2 R3

D2 R4

D3 R1

D3 R2

D3 R4

D4 R1

D4 R2

D4 R3

D1 R2

1

---

---

---

---

---

---

---

---

---

---

---

D1 R3

0.030

1

---

---

---

---

---

---

---

---

---

---

D1 R4

0.212

0.052

1

---

---

---

---

---

---

---

---

---

D2 R1

0.903

0.026

0.202

1

---

---

---

---

---

---

---

---

D2 R3

0.238

0.050

0.244

0.249

1

---

---

---

---

---

---

---

D2 R4

0.087

0.116

0.027

0.094

0.043

1

---

---

---

---

---

---

D3 R1

0.032

0.952

0.035

0.027

0.073

0.107

1

---

---

---

---

---

D3 R2

0.217

0.039

0.222

0.224

0.981

0.035

0.062

1

---

---

---

---

D3 R4

0.363

0.046

0.371

0.366

0.452

0.082

0.051

0.048

1

---

---

---

D4 R1

0.173

0.053

0.948

0.160

0.192

0.029

0.039

0.174

0.318

1

---

---

D4 R2

0.084

0.095

0.031

0.089

0.048

0.992

0.088

0.040

0.068

0.033

1

---

D4 R3

0.358

0.045

0.379

0.350

0.466

0.077

0.050

0.424

0.990

0.325

0.063

1
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Exploring varied locations and orientations of PZT patches indicated that the
response is affected by the characteristics of the PZT. While certain peaks lined up for all
combination of drive and response patches and the results had strong reciprocity, the patch
characteristics may influence the ability to detect certain modes and defects based on the
presence or lack of peaks. Additionally, it is important to understand how the size and
distance between patches may affect excitation and sensing so the PZT can be optimized
to produce the best results.

3.2.11

FRAC vs. Frequency

FRAC is typically expressed as a scalar and computed across a specified frequency
bandwidth. Using parts 2 and 3, FRAC was computed at in small intervals across the entire
frequency range, resulting in a vector. If given a baseline nominal FRF, computing FRAC
as a function of frequency could be used to identify defective parts. A nominal part should
have a value near unity across the entire vector, but a drop in FRAC could be indicative of
a defect and the type and location of the defect could be identified using FEA. This metric
is illustrated in Figure 3.39. A solid nominal baseline has not been established for these
parts, making it difficult to assess the integrity of this method is, but it is clear to see that
parts 2 and 3 are not identical.

Figure 3.39. FRAC versus frequency for parts 2 and 3 from 0 to 45 kHz.

3.3 Split plate defect builds
3.3.1 Summary of defect build results
The split plate defect builds were tested using piezoelectric testing with the SDLV
and acoustic testing. The results were analyzed using FRAC and MATLAB.
For defect set 1 with four identical parts, the FRFs from the SLDV showed more
variance than expected. When visually comparing the scans with FEA results, all four parts
showed the defect between 15.9 and 16.5 kHz. Defect set 2 had an increasing missing
number of beams and only parts 3 and 4 showed the defect in the SLDV results. Defect set
3 was not compared with FEA, due to interference from the PZT patches.
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Acoustic testing was attempted, but the results had a lot of noise and did not provide
any new insight to the part’s responses. This method was also used to determine whether a
probe microphone could identify a cantilever beam. The first natural frequency of a
cantilever beam was calculated based on material properties and geometry and part 4 on
the nominal split plate build was used to model the cantilever condition. Many factors
complicated this analysis.
FRAC was used to assess how similar responses were to an averaged nominal
response. Four degrees of defects were measured on part 4 and as the defect increased, the
FRAC value decreased, as expected.
Because the results from acoustic testing were not ideal, impedance testing was
performed to determine whether issues with the PZT patches were affecting the results.
The impedance traces did not show resonant peaks which indicates the patches were not
properly coupling with the part.
The SLDV data was imported into MATLAB to simplify and expedite the
comparison with FEA data. MAC was used to identify which frequency has the highest
correlation with a particular FEA mode. MAC was also used to generate colormaps that
show regions of similarity between two parts or between FEA and a part. This analysis
allows for experimental and synthesized data to be viewed in identical formats and
significantly decreases the error associated with matching mode shapes between the two
data sets.

3.3.2 Piezoelectric Test with SLDV
It was expected that the first defect build, set 1, which contains four identical parts,
would exhibit similar responses between the parts; however, the FRFs shown in Figure
3.40 do not appear to follow consistent trends. In all four responses, the measurements are
noisy past 20 kHz, especially for part 3, which showed a noisier signal across the entire
frequency range. While there are peaks that align for all four parts, this data was primarily
used for FEA comparison.
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Figure 3.40. FRF for defect set 1 from SLDV, 0 to 46 kHz.
For this build plate, the FEA model included all four parts fixed to the base plate.
Modes 538 and 539 shown in Figure 3.41 show the defect on all four parts at 13.226 and
13.235 kHz, respectively. In the SLDV results, all four parts clearly show the defect
between 15.9 and 16.5 kHz (Figure 3.42). The light blue areas in the middle of the parts
are where the PZT patches were located. Because it is unclear whether the experimental
modes correlate to FEA mode 528 or 529, the percent error was calculated for both and can
be found in Table 3.14.
FEA modes around 20 kHz also show localized motion around the defect, however,
at higher frequencies, the SLDV results are dominated by the response of the PZT, making
it difficult to identify the defect.

Figure 3.41. FEA results for defect set 1 for mode 538 (left) and 539 (right).
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Figure 3.42. Defect set 1 SLDV results around 16 kHz.
Table 3.14. Experimental frequencies and percent error for defect set 1 around 16 kHz.

Part 1
Part 2
Part 3
Part 4

Experimental
Frequency (kHz)
16.5034
15.9487
16.5400
16.0986

Mode 538 Error
(%)
24.78
20.59
25.06
21.72

Mode 539 Error
(%)
24.70
20.50
24.97
21.64

Like set 1, set 2 showed increased noise above 30 kHz, especially for part 3. The
FRF for this build plate can be found in Appendix A. Since the parts on this build plate are
not identical, variance in the FRFs is expected, however, the responses still exhibit similar
peaks. When looking through the SLDV scans, the defects did not appear for parts 1 and
2, which had one and two beams missing, respectively. The SLDV may have been unable
to detect the defects in parts 1 and 2 due to the response being dominated by the PZT patch
or the spatial resolution was too coarse to detect defects of this size.
The missing beams were detected in part 3 at 18.303 kHz, as shown in Figure 3.43.
Again, the response is being dominated by the PZT patch. FEA showed the defect in part
3 appearing at 15.349 kHz. For part 4, the SLDV scans showed the defect at 15.946 kHz,
which can be seen in Figure 3.44. The FEA model indicated the defect at 13.379 kHz. For
both parts 3 and 4, the experimental frequencies were higher than the FEA frequencies.
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Figure 3.43. Defect set 2 part 3 at 18.303 kHz.

Figure 3.44. Defect set 2 part 4 at 15.946 kHz.
Due to interference of the PZT patch, the SLDV results for defect set 3 were not
compared with FEA and the focus was directed on automating the comparison process
which will be discussed in Section 3.3.5, however, the FRF can be found in Appendix A.
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3.3.3 Acoustic Testing
Like the SLDV results, the FRFs for set 1 were less similar than expected, as shown
in Figure 3.45. With such complex results, it was difficult to assess whether there were
similar peaks that aligned for the four parts. Part 1, shown in blue, had a noisy response
and was tested twice, however, additional testing did not provide a cleaner response.

Figure 3.45. FRF from acoustic testing for defect set 1, 0 to 30 kHz.
Compared to set 1, set 2 produced more consistent results between 5 and 30 kHz.
Since all four parts on this build plate are unique, the differences in responses was less
surprising than set 1, but there are still significant differences in the FRFs which can be
found in Appendix A.
Similar trends were present for both set 3 and the nominal build plate. While the
nominal build plate had identical parts, with the exception of part 2, and set 3 had four
unique parts, the FRFs show many differences and the noise decreased past 5 kHz. The
nominal build plate results did not have a single peak that matched up for all four parts.
Part 3 on the nominal build plate exhibited a very different response than the other three
parts. The part was tested twice, but did not show an improved response. Both sets of FRFs
can be found in Appendix A.

3.3.4 Cantilever natural frequencies
The goal of modeling a cantilever in experimental testing was to determine the
sensitivity of acoustic testing and assess how the response changes based on beam
conditions. Using the given beam dimensions of 0.5 x 0.5 mm and the specified material
properties, the first cantilever natural frequency was calculated to be 6,644 Hz. When
looking at the FRF of part 4 between 6.2 and 6.8 kHz in Figure 3.46, there were no
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additional peaks or frequency shift when compared to the nominal response. Instead, there
was an anti-resonance at 6,447 Hz.

Figure 3.46. FRF of part 4 as nominal and with cantilever beam from 6.2 to 6.8 kHz.
Using the measured beam dimensions of 0.94 x 0.74 mm, the first cantilever natural
frequency was computed to be 9,833.18 Hz. When comparing the cantilever response with
the nominal response, the peak shifted from 9,825 Hz to 9,833 Hz. The FRF for this
frequency range can be found in Appendix A. It is difficult to determine whether this is
truly a frequency shift caused by the cantilever. As previously mentioned, the actual
cantilever dimensions are not identical to the values used in computing the natural
frequency, as it is difficult to measure these dimensions inside the part. Because of this
condition, it is difficult to determine whether the beam acts like a cantilever when excited
and if acoustic testing is sensitive to a defect of this size. To further explore this topic, the
test could be recreated with another method of generating FRFs, such as using two
piezoelectric transducers.
The acoustic data for the four build plates, including the four degrees of defect on
part 4 from the nominal build plate, was compared to an averaged nominal response using
FRAC and several trends were identified. Three different frequency bandwidths were
considered: 10 to 20 kHz, 20 to 30 kHz, and 10 to 30 kHz. The results are for part 4 are
presented in Table 3.15 below and the results for the other build plates can be found in
Appendix B.
The highest FRAC value among all parts occurred for part 4 with the first defect
between 20 and 30 kHz with a value of 0.9204. This is not surprising since the first defect,
which consisted of scraping away a small amount of material from the beam, did not make
a major change to the part. One interesting trend in this data is present with part 4 with
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defects. For both 10 to 30 kHz and 20 to 30 kHz, the FRAC values decrease as the degree
of defect increases. This trend is expected and promising to see. By using FRAC to evaluate
defects, a threshold value can be set and if a part has a value below the threshold, it can be
labeled as defective.
Table 3.15. FRAC computed with averaged nominal response using acoustic data for
nominal part 4 with defects.
Part 4 Defect 1
Part 4 Defect 2
Part 4 Defect 3
Part 4 Defect 4

10 – 30 kHz
0.8609
0.8180
0.7268
0.5510

10 – 20 kHz
0.7842
0.8375
0.7415
0.6298

20 – 30 kHz
0.9204
0.8218
0.7193
0.6378

3.3.5 Impedance Testing
Because of the abnormalities in the acoustic testing results, impedance testing was
explored to diagnose the issue. Like an FRF, the impedance traces should show resonant
peaks. Figure 3.47 shows the impedance signatures for the four split plate builds. The
curves are quite smooth across the entire frequency range, with a few small spikes. These
results indicate poor coupling between the PZT patch and the part and is most likely caused
by the Kapton tape used between the patch and the part. Due to the surface roughness, it is
difficult for the tape to properly adhere. The tape was first used when two PZT patches
were on the part to prevent short circuiting and while it is good practice to use Kapton tape,
it is not necessary when there is only one patch.

77

Figure 3.47. Impedance traces for split plate builds from 10 to 30 kHz.

3.3.6 Mode shape analysis in MATLAB
3.3.6.1 Mode correlation using MAC vs. frequency
When analyzing defect set 1, FEA mode 102 at 14.889 kHz was selected as the best
mode to evaluate the effectiveness of the comparisons due to the distinct, localized
displacement over the defect, as shown in Figure 3.48. This data was used to compute MAC
between 5 and 30 kHz with all four parts from the build plate to find the experimental mode
shape that was most like mode 102. Figure 3.49 shows MAC versus frequency for defect
set 1. The peak frequency for each part, as well as the MAC value and percent error, is
presented in Table 3.16. Although the MAC values are not very high, the experimental
mode shapes corresponding to the peak frequency not only match well to the FEA mode
shape, but also to each other (Figure 3.50). A possible explanation for why the MAC values
between the FEA and experimental mode shapes are not higher is due to the location of the
displacement. For FEA, the displacement is the bottom four right points, whereas the
experimental displacement is shifted slightly upward and inward. When computing MAC
between the four parts for this mode, the values were all near unity, as illustrated in Figure
3.51.

78

Figure 3.48. FEA mode 102 for defect set 1 at 14.889 kHz.

Figure 3.49. MAC versus frequency for FEA mode 102 and defect set 1.
Table 3.16. Defect set 1 results from MAC versus frequency graph for FEA mode 102.
Part 1
Part 2
Part 3
Part 4

Frequency (kHz)
16.466
15.963
16.529
16.101

MAC value
0.664
0.411
0.360
0.429

79

Error (%)
+10.60
+7.22
+11.02
+8.14

Figure 3.50. Defect set 1 experimental mode shapes for mode 102.

Figure 3.51. MAC between defect set 1 experimental mode shapes for mode 102.
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These methods were also tested on other modes that show the defect, like mode 189
(Figure 3.52). When using MAC to find the best frequency match, the MAC values were
quite low, ranging from 0.16 to 0.52 and the experimental shapes did not match as well
with each other, but based on visual inspection, the mode shapes shown in Figure 3.53 look
similar. This FEA mode shape only has two points that show displacement, while the
experimental mode shapes show more points of displacement, which could explain why
the experimental data did not produce high MAC values.

Figure 3.52. FEA mode 189 at 22.753 kHz for defect set 1.
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Figure 3.53. Defect set 1 experimental mode shapes for mode 189.
Using MAC between FEA and experimental data works well to identify a particular
mode or defect but only shows what is happening at one specific mode and frequency for
each part, making it difficult to determine whether two parts are the same part or different
parts. Also, this metric does not provide a measure of build plate variability.
3.3.6.2 CoVRMAC
The most useful analysis in MATLAB is using the CoVRMAC method to generate
colormaps, which makes it quick and easy to identify whether the two parts being compared
are the same part or different parts. It also provides information as to what frequencies
these parts show similarities at and can be used to assess build plate variability. The
following colormaps all range from 5 to 30 kHz on both axes. Identical parts should have
a perfect line along the diagonal, indicating a MAC value of 1.
The first set of colormaps was produced using nominal experimental data for both
reference and comparison parts. Figure 3.54 shows colormaps with nominal part 1 as
reference for the four plots. As seen in the top left image of this figure, part 1 compared
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with itself produces the nice diagonal of high MAC values, as expected. We also see similar
results when part 1 is compared with part 3, indicating that these parts are very similar.
As seen on Figure 3.54 with parts 1 and 3, the boxes of high MAC values may be
attributed to a group of modes, support structure modes, or an effect of the method of
excitation used during SLDV testing. This phenomenon is present in other colormaps, too.
A periodic chirp was used to excite the part and when the part hits a resonance, it rings as
the input frequency continues to increase. This lock-in effect may not be observed using a
random noise input or a swept sine from high to low frequencies.

Figure 3.54. Nominal part 1 CoVRMAC colormaps from 5 to 30 kHz.
When nominal part 2 is used as reference for the CoVRMAC colormaps, as shown
in Figure 3.55, the uniqueness of the refence part becomes apparent. Looking at these plots,
it is clear to see that part 2 is unique from parts 1, 3, and 4.
The colormap generated using nominal part 3 as reference is very similar to Figure
3.54 and can be found in Appendix A. Using nominal part 4 as reference produced some
very interesting results (Figure 3.56). While Figures 3.54 and 3.55 show that part 4 is unlike
parts 1 and 2, its differences are even more drastic when used as reference. There are no
hotspots when part 4 is compared to the other three parts. When part 4 is compared with
itself, it shows large areas of high MAC values. Parts 1 and 3 also exhibited boxes of high
MAC values, but they were restricted to the lower frequency range, whereas part 4 exhibits
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this behavior throughout the entire frequency range and with much larger boxes. These
colormaps all indicate similarities between parts 1 and 3, and differences between the
remaining parts.

Figure 3.55. Nominal part 2 CoVRMAC colormaps from 5 to 30 kHz.
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Figure 3.56. Nominal part 4 CoVRMAC colormaps from 5 to 30 kHz.
The next set of CoVRMAC colormaps looked at build plate variability of the defect
set 1 build. Figure 3.57 shows the results when using defect set 1 part 1 as reference. All
parts show some small regions of high MAC values when compared to part 1. Like the
nominal colormaps, part 4 is unique and does not show much similarity to the other three
parts on the build plate. The unique dynamics of this part may be caused by its location on
the build plate and the directional argon gas flow during the additive manufacturing
process, which has been observed in previous research by Allen [18]. The difference in
part 4 is most noticeable when used as reference, as seen in Figure 3.58. The plaid pattern
that was observed in the nominal data is also apparent in the defect data as well. The
remaining colormaps from defect set 1 can be found in Appendix A.
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Figure 3.57. Defect set 1 part 1 CoVRMAC colormap from 5 to 30 kHz.

Figure 3.58. Defect set 1 part 4 CoVRMAC colormap from 5 to 30 kHz.
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CoVRMAC colormaps between nominal and defective parts could prove useful as
a method of identifying defective parts. Figure 3.59 was produced using nominal part 2 as
reference and the defect set 1 parts for comparison. There are no significant hotspots
indicating regions of similarity. It is important to note that nominal and defective parts will
show some similarities caused by the support structures and characteristics of the parts.
Many of the mode shapes between nominal and defective builds are identical, however, the
experimental responses are not.
Comparing nominal and defective using nominal part 4 as reference produced some
very interesting results (Figure 3.60). Nominal part 4 and defect set 1 part 4 are strikingly
similar, which supports that the unique qualities of this part may be influenced by factors
during the printing process and/or location on the build plate. Again, this figure illustrates
that part 4 does not show much similarity to the other parts. The colormaps comparing
nominal parts 1 and 3 with defect set 1 can be found in Appendix A.
The final set of colormaps produced compared FEA and experimental data for
defect set 1 build to show where the two data sets had the highest correlation (Figure 3.61).
This comparison could be used to indicate the mode at which the experimental data shows
the defect. To make the hotspots more prominent, the effect of scaling was explored. Figure
3.62 shows the same colormap as Figure 3.61, except the color scale ranges from 0.25 to
0.70 instead of 0 to 1. By changing the limits, the hotspots become more pronounced and
easier to interpret. This scaling can be applied to any colormap.

Figure 3.59. CoVRMAC colormaps from 5 to 30 kHz comparing defect set 1 with
nominal part 2.
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Figure 3.60. CoVRMAC colormaps from 5 to 30 kHz comparing defect set 1 with
nominal part 4.

Figure 3.61. CoVRMAC colormap between FEA and defect set 1.
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Figure 3.62. CoVRMAC colormap between FEA and defect set 1 with color scale
ranging from 0.25 to 0.70.
By having both FEA and experimental data in MATLAB, it is much easier to
compare the data sets since they are in the same platform and can be viewed in identical
formats. Additionally, using MAC to compare and match mode shapes eliminates human
error and saves time. It also allows for assessment of build plate variability and shows
promise in quickly and easily identifying defective parts using CoVRMAC colormaps.
These methods can be used to compare any combination of nominal, defective, and FEA
data sets. To develop a consistent and reliable method of defect detection using colormaps,
a large sample of nominal parts would be required to establish a valid baseline response.
Then, image processing, statistical limits, algorithms, and/or machine learning could be
used to filter good and bad parts, however, for this method to be successful, it is crucial
that the PZT patch is not interfering with the parts’ responses.
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4 Summary and Recommendations
This section summarizes the dynamic testing methods and provides
recommendations based on the results.

4.1 Impact Testing
Impact testing on the face of the split plate was able to excite the lattice support
parts up to 8 kHz with clean FRFs and coherence measurements. All four parts on the build
plate showed consistent results with several distinct peaks matching up at lower
frequencies. Impact testing was attempted on the support structures of the parts to identify
which support wall was disconnected, but the response changed with each impact as the
material started to deform. Impact testing was not performed on the rigid support split plate
builds since it was not able to excite high enough frequencies. Overall, this method is
effective and reliable for low frequency excitation but is dependent on the size of the part
and the ability to repeatedly impact flat surfaces.

4.2 Piezoelectric Testing with SLDV
Using piezoelectric transducers to excite the parts provided a much larger
measurable frequency range. When used with the SLDV, the scans were able to provide
colormaps of the mode shapes, as well as FRFs and coherence measurements. While this
method produced satisfactory results, there are some drawbacks. First, it was difficult to
visually compare the mode shapes with FEA and determine which modes appeared in the
SLDV results. Additionally, the piezoelectric patch interfered with the parts’ responses,
since the SLDV measured the bending of the PZT or MFC patch instead of the part beneath
it. Future work should investigate placing the patch on a surface that is not being scanned.
Using piezoelectric transducers requires a flat surface to glue the patch. The effect of the
size of the transducer has not been explored thoroughly and requires further investigation.

4.3 Impedance Testing
Impedance testing, which used piezoelectric excitation, can excite parts up to 10
MHz and produce impedance traces that show resonant frequencies like an FRF. This
method was far less time consuming than SLDV testing and can also be used to identify
flaws in the piezoelectric transducer, such as poor coupling. Impedance testing was able to
find matching peaks between the parts but did not show significant changes in peak
frequencies when a beam was removed. This may be caused by insufficient frequency
resolution or lack of nominal parts to produce a reliable baseline response. Unlike SLDV
testing, this method cannot provide insight to the location or size of the defect but shows
promise as a screening method before investing time into performing an SLDV scan.

4.4 FRFs using two piezoelectric transducers
Using two piezoelectric transducers was an effective method of producing FRFs
with high coherence measurements and good repeatability. This method was able to
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measure frequencies up to 46 kHz and the data indicated matching peaks among all four
parts. Like impedance testing, this method does not provide information about the size or
location of defects. When using more than one PZT patch on a conductive metal part, it is
important that Kapton tape is used beneath the patch to prevent short circuiting.
This method was also used to explore the effect of location and orientation of PZT
patches. A total of four patches were adhered to the face of the part and all combinations
of drive and response patches were tested. The results indicated good repeatability and
reciprocity; however, considerable noise was present in the responses measured across the
part. This may be due to the PZT patches being too small to properly excite the part or
measure its response across the split plate.
This method of generating FRFs was the easiest of the methods presented. When
using this method, consistency of the size and location of the piezoelectric transducers is
important. With enough nominal parts to develop a solid baseline measurement, FRFs
could be compared with the baseline using FRAC to screen for defective parts.

4.5 Acoustic Testing
Acoustic testing using piezoelectric excitation and a probe microphone was able to
produce FRFs but struggled to provide consistent measurements between identical parts.
There was considerable noise at low frequencies and the FRFs did not show distinct peaks
as expected.

4.6 Mode shape analysis in MATLAB
Mode shape analysis in MATLAB is based on the parts’ responses obtained from
the SLDV testing and was the most effective analysis performed. Having both FEA and
experimental data in the same platform and plotted in the same fashion provides a much
more direct comparison than trying to compare mode shapes in the respective SLDV and
FEA software packages. Additionally, this method used MAC to identify which mode had
the highest correlation with a particular FEA mode, which significantly decreased error in
correlating mode shapes and saved time. This analysis also helped compare parts with each
other using MAC.
The most useful way to evaluate the data in MATLAB was with CoVRMAC
colormaps which provided MAC values for all combinations of mode shapes between two
parts. Compared to mode shape correlation using MAC as a function of frequency,
CoVRMAC provides a much more comprehensive look at the parts across a much wider
frequency range. Additionally, it does not require a specific FEA test mode to be selected
for comparison. These maps provided a visual representation that was easy to interpret and
clearly identified the frequencies where parts showed similarities and differences. The
colormaps can also be used to evaluate build plate variability. This method allowed a
variety of comparisons to be made among nominal and defective parts, as well as FEA
data. When looking at the nominal versus nominal colormaps, parts 1 and 3 exhibited
similar responses, and parts 2 and 4 were unique. The colormaps generated using defect
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set 1 parts for reference showed small regions of similarity between parts 1, 2, and 3, but
again, part 4 was unlike the rest. When nominal part 4 was compared with defect set 1 part
4, the two parts showed striking similarity, which further supports the claim that the unique
dynamics of the parts may be caused by its location on the build plate and/or printing
process parameters.
As previously mentioned, the PZT patch interfered with the response measured by the
SLDV, therefore, interfered with the MATLAB analysis. Ideally, the PZT would be located
on a surface that is not being scanned by the laser. With a solid baseline response of
nominal parts, these colormaps could be used with image processing, statistical limits,
algorithms, and/or machine learning to automate the process of detecting defective parts.

92

5 Conclusions and Future Work
Dynamic testing could become a reliable method of non-destructive evaluation to
identify defects in additive manufactured parts, but none of the methods presented in this
report are guaranteed to detect defects. While the laser was able to identify the missing
beams in the scans, it was difficult to analyze FRFs to identify significant frequency shifts
of resonant peaks that would be indicative of defects. Additionally, the laser scans revealed
that defect detection was dependent upon spatial resolution.
Based on the grouping of parts 1 and 4, and parts 2 and 3, the results indicate that
location on the build plate may affect the part’s response due to the flow of argon gas
during the printing process. Piezoelectric excitation proved to be an effective method of
exciting higher frequencies; however, it is important to make sure the response of the
piezoelectric transducer does not interfere with part’s response. More information about
piezoelectric patches would be useful too, such as determining the appropriate size of the
patch as well as knowing how the location and orientation of the patch affects the part’s
response.
Although this project has concluded, future work should focus on continuing the
development of CoVRMAC colormaps and automating the defect detection process. This
would require a well-established nominal baseline response, which would involve testing
several build plates of nominal parts and averaging their response, as well as an
understanding the effect of part location on the build plate. Another area of improvement
for this method is avoiding the lock-in effect caused by the method of excitation used
during experimental testing. Future work should explore how a random noise input or
swept sine input from high to low frequencies affects the results. With these considerations
and suggestions for improvement, this method could be very successfully and
commercially implemented.
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A

Additional Figures

The following figures may be of interest.

Figure A-1. FRFs for defect set 2 piezoelectric test with SLDV, 1 to 25 kHz.

Figure A-2. FRFs for defect set 3 from piezoelectric test with SLDV, 1 to 25 kHz.
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Figure A-3. FRF from acoustic testing for defect set 2, 0 to 30 kHz.

Figure A-4. FRF from acoustic testing for defect set 3, 0 to 30 kHz.
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Figure A-5. FRF from acoustic testing for nominal build plate, 0 to 30 kHz.

Figure A-6. FRF of part 4 as nominal and with cantilever beam from 9.5 to 10 kHz.
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Figure A-7. Nominal part 3 CoVRMAC colormap, 5 to 30 kHz.

Figure A-8. Defect set 1 part 2 CoVRMAC colormap, 5 to 30 kHz.
99

Figure A-9. Defect set 1 part 3 CoVRMAC colormap, 5 to 30 kHz.

Figure A-10. CoVRMAC colormap from 5 to 30 kHz comparing defect set 1 with
nominal part 1.
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Figure A-11. CoVRMAC colormap from 5 to 30 kHz comparing defect set 1 with
nominal part 3.
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B

Additional Tables

The following tables may be of interest.
Table B-1. FRAC for nominal and defect build plates using acoustic data.

Nominal Part 1
Nominal Part 2
Nominal Part 3
Nominal Part 4

10 – 30 kHz
0.6742
0.6302
0.8359
0.6531

10 – 20 kHz
0.7252
0.7201
0.6839
0.7194

20 – 30 kHz
0.7169
0.5932
0.9173
0.6703

Defect Set 1 Part 1
Defect Set 1 Part 2
Defect Set 1 Part 3
Defect Set 1 Part 4

0.7069
0.4683
0.6081
0.4463

0.6996
0.4772
0.5471
0.4248

0.7594
0.5129
0.6432
0.5783

Defect Set 2 Part 1
Defect Set 2 Part 2
Defect Set 2 Part 3
Defect Set 2 Part 4

0.4642
0.6261
0.3371
0.3155

0.3935
0.6314
0.3989
0.5057

0.5388
0.6241
0.3830
0.3885

Defect Set 3 Part 1
Defect Set 3 Part 2
Defect Set 3 Part 3
Defect Set 3 Part 4

0.4695
0.5107
0.5072
0.4241

0.6005
0.5495
0.3103
0.6403

0.4654
0.5249
0.6219
0.4955
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C

FRAC MATLAB Code

The following MATLAB code can be used to compute FRAC as a scalar and FRAC
as a function of frequency. The FRAC function receives two FRF vectors of the same
lengths as inputs and outputs a scalar. The FRAC vs. Frequency code receives two FRF
vectors of the same length and produces a vector output, whose length is dependent on the
number of windows and percent overlap defined by the user.

C.1

FRAC

function [FRAC] = FUN_FRAC(FRF1,FRF2)
if size(FRF1,1)>size(FRF1,2)
FRF1=FRF1.';
end
if size(FRF2,1)>size(FRF2,2)
FRF2=FRF2.';
end
FRAC=abs(FRF1*FRF2')^2/((FRF1*FRF1')*(FRF2*FRF2'));

C.2

FRAC vs. Frequency

Nlength =length(FRF1);
nwindows = 400;
N_overlap = 50; % overlap (%)
ind =
buffer(1:Nlength,floor(Nlength/nwindows),floor(N_overlap*Nlength/nwindows/
100),'nodelay');
win_FRAC = [];
win_Freq=[];
for n_i =1:size(ind,2)
FRAC=[];
[FRAC] = FUN_FRAC(FRF1(ind(:,n_i)),FRF2(ind(:,n_i)));
win_FRAC(n_i) = FRAC;
end
win_Freq = freq(ind(1,:),1);
figure()
plot(win_Freq,win_FRAC,'LineWidth',1)
xlabel('Frequency (Hz)');ylabel('FRAC');
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D

MATLAB Code for Mode shape analysis using
SLDV and FEA data

D.1

Import Data

%% Import SLDV data
% Set 1
[file1,freq,x1,y1,set1,xloc1_o,xloc1,yloc1,X1,Y1] =
GetBuildPlateFFTData;
% Nominal
[file_nom,freq_nom,x_nom,y_nom,set_nom,x_nom_o,xloc_nom,yloc_nom,Xnom,Ynom
] = GetBuildPlateFFTData;
% Import FEA data
node_coordinates(:,1)=readmatrix('Single Part Build 2 Beam Node
Coordinates.xlsx','Range','B:B');
node_coordinates(:,2)=readmatrix('Single Part Build 2 Beam Node
Coordinates.xlsx','Range','C:C');
node_coordinates(:,3)=readmatrix('Single Part Build 2 Beam Node
Coordinates.xlsx','Range','D:D');
x = (1-node_coordinates(:,3))-max(1-node_coordinates(:,3));
y = (node_coordinates(:,2)./0.707)max(node_coordinates(:,2)./0.707);
num_of_nodes=size(node_coordinates,1); % 145
data_nominal = readmatrix('Single Part Build 2 Beam
Nodes.xlsx','Range','A1'); % Import ALL data from Excel file for nominal
data_test = readmatrix('Single Part Build 2 Beam Nodes Missing 128 136
144 145.xlsx','Range','A1'); % Import ALL data from Excel file for defect
% Nominal Build
pp=0;
for ii=1:num_of_nodes+1:size(data_nominal,1) % This sorts the data into
mode shapes
kk=0;
pp=pp+1;
for jj=ii+1:ii+num_of_nodes
kk=kk+1;
magnitudes_nominal(pp,kk)=sqrt(((data_nominal(jj,2)^2))+((data_nominal(jj,
3)^2))+((data_nominal(jj,4))^2));
% Computes the magnitude of displacement for nominal - uses all
% three directions of displacement
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magnitudes_perpendicular_nominal(pp,kk)=(data_nominal(jj,2))/0.707+(data_n
ominal(jj,3))/0.707;
% Calculate out of plane motion
end
end
jj=0;
for ii=1:num_of_nodes+1:size(data_nominal,1)
jj=jj+1;
mode_frequencies_nominal(jj,1)=data_nominal(ii,3);
each mode
end

% Frequency of

% Test (defect) Build
pp=0;
for ii=1:num_of_nodes+1:size(data_test,1)
kk=0;
pp=pp+1;
for jj=ii+1:ii+num_of_nodes
kk=kk+1;
magnitudes_test(pp,kk)=sqrt(((data_test(jj,2)^2))+((data_test(jj,3)^2))+(
(data_test(jj,4))^2));
magnitudes_perpendicular_test(pp,kk)=(data_test(jj,2))/0.707+(data_test(jj
,3))/0.707;
end
end
jj=0;
for ii=1:num_of_nodes+1:size(data_test,1)
jj=jj+1;
mode_frequencies_test(jj,1)=data_test(ii,3);
end

D.2

Interpolate Data

% SLDV: Defect Set 1
test_mode = 189;
% function [ind_start,ind_end, matData,Vq] =
InterpMode(N,modefreq_vec,mode,freq,x_loc_o,X,Y,data,Xinterp,Yinterp)
% PART 1

106

[ind_start1,ind_end1,matData1,V1] =
InterpMode(1,mode_frequencies_test,test_mode,freq,xloc1_o,X1,Y1,set1,x,y);
% PART 2
[ind_start1,ind_end1,matData2,V2] =
InterpMode(2,mode_frequencies_test,test_mode,freq,xloc1_o,X1,Y1,set1,x,y);
% PART 3
[ind_start1,ind_end1,matData3,V3] =
InterpMode(3,mode_frequencies_test,test_mode,freq,xloc1_o,X1,Y1,set1,x,y);
% PART 4
[ind_start1,ind_end1,matData4,V4] =
InterpMode(4,mode_frequencies_test,test_mode,freq,xloc1_o,X1,Y1,set1,x,y);
ff = freq(ind_start1:ind_end1); % If all parts have the same
test_mode, the frequency vector is the same for all parts

% SLDV Nominal
test_mode_nom = 31;
[ind_start1, ind_end1,nomData1,V1_nom] =
InterpMode(1,mode_frequencies_test,test_mode_nom,freq_nom,x_nom_o,Xnom,Yno
m,set_nom,x,y);
[ind_start1, ind_end1,nomData2,V2_nom] =
InterpMode(2,mode_frequencies_test,test_mode_nom,freq_nom,x_nom_o,Xnom,Yno
m,set_nom,x,y);
[ind_start1, ind_end1,nomData3,V3_nom] =
InterpMode(3,mode_frequencies_test,test_mode_nom,freq_nom,x_nom_o,Xnom,Yno
m,set_nom,x,y);
[ind_start1, ind_end1,nomData4,V4_nom] =
InterpMode(4,mode_frequencies_test,test_mode_nom,freq_nom,x_nom_o,Xnom,Yno
m,set_nom,x,y);

D.3

Remove points corresponding to locations of PZT patch

vec = [16 23 32 43 56 71 24 33 44 57 72 25 34 45 58 73 88 35 46 59 74 89
36 47 60 75 97 110 48 61 76 98 109];
V1_vec = V1; V1_vec(vec,:) = []; V2_vec = V2; V2_vec(vec,:) = []; V3_vec
= V3; V3_vec(vec,:) = []; V4_vec = V4; V4_vec(vec,:) = [];
mag_test_vec = magnitudes_perpendicular_test; mag_test_vec(:,vec) = [];
mag_test_scaled = mag_test_vec./max(mag_test_vec(test_mode,:));
x_vec = x; x_vec(vec,:) = []; y_vec = y; y_vec(vec,:) = []; % x_new and
y_new are coordinates without patch locations
V1_nom_vec = V1_nom; V1_nom_vec(vec,:) = [];
V2_nom_vec(vec,:) = [];
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V2_nom_vec = V2_nom;

V3_nom_vec = V3_nom; V3_nom_vec(vec,:) = [];
V4_nom_vec(vec,:) = [];

V4_nom_vec = V4;

V1_scaled = scale(V1_vec); V2_scaled = scale(V2_vec); V3_scaled =
scale(V3_vec); V4_scaled = scale(V4_vec);
V_scaled(:,:,1) = V1_scaled;
V_scaled(:,:,2) = V2_scaled;
V_scaled(:,:,3) = V3_scaled;
V_scaled(:,:,4) = V4_scaled;
V1_nom_scaled = scale(V1_nom_vec); V2_nom_scaled = scale(V2_nom_vec);
V3_nom_scaled = scale(V3_nom_vec); V4_nom_scaled = scale(V4_nom_vec);
V_nom_scaled(:,:,1) = V1_nom_scaled;
V_nom_scaled(:,:,2) =
V2_nom_scaled;
V_nom_scaled(:,:,3) = V3_nom_scaled;
V_nom_scaled(:,:,4) = V4_nom_scaled;

D.4

MAC FEA/SLDV

MAC_testmode = zeros(4,size(V1_vec,2));
for ii = 1:size(V1_vec,2)
MAC_testmode(1,ii) =
abs((mag_test_scaled(test_mode,:)*V1_scaled(:,ii))^2)/((mag_test_scaled(te
st_mode,:)*mag_test_scaled(test_mode,:)')*(V1_scaled(:,ii)'*V1_scaled(:,ii
)));
MAC_testmode(2,ii) =
abs((mag_test_scaled(test_mode,:)*V2_scaled(:,ii))^2)/((mag_test_scaled(te
st_mode,:)*mag_test_scaled(test_mode,:)')*(V2_scaled(:,ii)'*V2_scaled(:,ii
)));
MAC_testmode(3,ii) =
abs((mag_test_scaled(test_mode,:)*V3_scaled(:,ii))^2)/((mag_test_scaled(te
st_mode,:)*mag_test_scaled(test_mode,:)')*(V3_scaled(:,ii)'*V3_scaled(:,ii
)));
MAC_testmode(4,ii) =
abs((mag_test_scaled(test_mode,:)*V4_scaled(:,ii))^2)/((mag_test_scaled(te
st_mode,:)*mag_test_scaled(test_mode,:)')*(V4_scaled(:,ii)'*V4_scaled(:,ii
)));
end
figure() % Plot mode shapes using scatter3
for ii = 1:4
[M2(ii),I2(ii)] = max(MAC_testmode(ii,:))
subplot(2,2,ii)
scatter3(x_vec,y_vec,abs(V_scaled(:,I2(ii),ii)),80,abs(V_scaled(:,I2(ii),i
i)),'filled')
xlabel('X');ylabel('Y'); axis square; colorbar
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title(sprintf('Part %d: %5.2f Hz',ii,ff(I2(ii))))
view([0 90]);set(gca,'FontSize',13,'FontName','Arial');
5]);ylim([-55 5])
set(gcf,'position',[50,50,800,600])
end

xlim([-55

test_freq = mode_frequencies_test(test_mode)
MAC_freq = ff(I2)
MAC_error = 100*((ff(I2) mode_frequencies_test(test_mode))/mode_frequencies_test(test_mode))
figure()
plot(freq(ind_start1:ind_end1),MAC_testmode(1,:),'LineWidth',1); hold
on
plot(freq(ind_start1:ind_end1),MAC_testmode(2,:),'LineWidth',1)
plot(freq(ind_start1:ind_end1),MAC_testmode(3,:),'LineWidth',1)
plot(freq(ind_start1:ind_end1),MAC_testmode(4,:),'LineWidth',1)
plot(linspace(mode_frequencies_test(test_mode),mode_frequencies_test(test_
mode),100),linspace(0,1,100),'k-.','LineWidth',1)
plot(ff(I2),M2,'r.','MarkerSize',25)
legend('Part 1','Part 2','Part 3','Part 4','FEA freq.')
xlabel('Frequency (Hz)'); ylabel('MAC'); set(gca,'FontSize',13)
xlim([mode_frequencies_test(test_mode)8000,mode_frequencies_test(test_mode)+8000]); ylim([0 1])
title(sprintf('MAC between FEA and Set 1 for test mode
%d',test_mode))
% MAC between shapes from FEA MAC match
MAC_matrix_test = zeros(4,4);
for ii = 1:4
for jj = 1:4
MAC_matrix_test(ii,jj) =
MAC_func2(V_scaled(:,I2(ii),ii)',V_scaled(:,I2(jj),jj));
end
end
figure() % Plot MAC grid between experimental mode shapes using bar3 plot
b1=bar3(MAC_matrix_test);view(-90,90);
c=colorbar; colormap(jet)
axis image
axis square
set(gca,'FontSize',12)
xlabel('Part No.');ylabel('Part No.');
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title(sprintf('MAC between parts for test mode %d',test_mode))
for k = 1:length(b1)
zdata = b1(k).ZData;
b1(k).CData = zdata;
b1(k).FaceColor = 'interp';
end

D.5

Compare nominal and defective parts

% Take a defect part at defect frequency and MAC with nominal part across
% frequency range
clear('ii','kk','jj')
kk = 1;
for jj = 1:10:size(V_nom_scaled,2)
for ii = 1:4 % Nominal part
for hh = 1:4 % Defective part
def_nom_comparison(ii,kk,hh) =
MAC_func2(V_scaled(:,I2(hh),hh)',V_nom_scaled(:,jj,ii));
end
end
kk = kk+1; % jj starts at 1 so it's ok...comparing 5 - 30 kHz
end
% Find maximum for each combination of parts...
for ii = 1:4
for jj = 1:4
[M_dn(ii,jj),I_dn(ii,jj)] = max(max(def_nom_comparison(ii,:,jj)));
end
end

D.6

Assess build plate variability using MAC colormaps

%% Assess build plate/part variability using MAC - DEFECTIVE/DEFECTIVE
% comparison indices (x-axis)
ind1 = interp1(ff,1:length(ff),5000,'nearest');
ind2 = interp1(ff,1:length(ff),30000,'nearest');
MAC_freq_vec = ff(1:100:end);
% Reference indices (y-axis)
freq_list = MAC_freq_vec;
ind_list = interp1(ff,1:length(ff),freq_list,'nearest');
ref_freq = repmat(freq_list,1,length(MAC_freq_vec))';
MAC_freq_mat = repmat(MAC_freq_vec,1,length(freq_list));
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% This can be adjusted to compare nominal/nominal, nominal/defect, or
% defect/defect
clear('hh','jj','ii','cc')
kk=1;
for jj = ind1:100:ind2 % frequency indices
for ii = 1:length(ind_list)
for hh = 1:4
cc1(kk,ii,hh) =
MAC_func2(V_scaled(:,ind_list(ii),1)',V_scaled(:,jj,hh));
cc2(kk,ii,hh) =
MAC_func2(V_scaled(:,ind_list(ii),2)',V_scaled(:,jj,hh));
cc3(kk,ii,hh) =
MAC_func2(V_scaled(:,ind_list(ii),3)',V_scaled(:,jj,hh));
cc4(kk,ii,hh) =
MAC_func2(V_scaled(:,ind_list(ii),4)',V_scaled(:,jj,hh));
end
end
kk = kk+1;
end
[macMAX(:,1),macIND(:,1)] = max(max(cc1));[macMAX(:,2),macIND(:,2)] =
max(max(cc2))
[macMAX(:,3),macIND(:,3)] = max(max(cc3));[macMAX(:,4),macIND(:,4)] =
max(max(cc4))

D.7

MAC colormap of FEA data
FEA_freq_mat = repmat(mode_frequencies_test,1,470);

FEA_MAC_colormap = zeros(470,470);
kk=1;
for jj = 1:size(mag_test_scaled,1)
for ii = 1:size(mag_test_scaled,1)
FEA_MAC_colormap(kk,ii) =
MAC_func2(mag_test_scaled(ii,:),mag_test_scaled(jj,:)');
end
kk = kk+1;
end
figure()
q = pcolor(FEA_freq_mat,FEA_freq_mat',FEA_MAC_colormap); hold on
set(q,'EdgeColor','None')
set(gcf,'position',[50,50,800,600])
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set(gca,'FontSize',13)
colorbar
caxis([0 1])
xlabel('MAC Frequency (Hz)'); ylabel('Reference Frequency (Hz)');
title(‘FEA test data colormap’)

D.8

MAC colormap of FEA/SLDV data

% Use FEA as reference (y-axis)
clear('ii','jj','kk')
ind1 = interp1(ff,1:length(ff),5000,'nearest');
ind2 = interp1(ff,1:length(ff),30000,'nearest');
MAC_freq_vec = ff(ind1:10:ind2);
MAC_freq_mat = repmat(MAC_freq_vec,1,length(mode_frequencies_test));
FEA_freq_mat = repmat(mode_frequencies_test,1,length(MAC_freq_vec))';
kk=1;
for jj = ind1:10:ind2 % x-axis - comparison frequencies -> EXP
for ii = 1:size(mag_test_scaled,1) % y-axis - reference frequencies
-> FEA
for hh = 1:4
gg(kk,ii,hh) =
MAC_func2(mag_test_scaled(ii,:),V_scaled(:,jj,hh));
end
end
kk = kk+1;
end
max(max(gg))
figure()
clf
sgtitle('FEA/Defect Set 1 MAC Colormaps')
MAC_subplot_colormap(MAC_freq_mat,FEA_freq_mat,gg,0)

D.9

GetBuildPlateFFTData function

function [file,freq,x,y,data,x_loc_o,x_loc,y_loc,X,Y] =
GetBuildPlateFFTData
%% Details:
% This script will import data from the selected files, generate a
% frequency vector, organize coordinates, re-orient origin if necessary,
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% and scale geometry to a ____ grid.
% MUST have at least two files selected, due to variable formats.
% Only options will be DISPLAY type
% Domain: FFT
% Channel: Vib & Ref1
% Signal: H1 Velocity / Voltage
% Point: 0 (all)
% Frame: 0
% This script will NOT select a frequency and extract from data matrix
% to generate a colormap or interpolate data.
%% Outputs:
% freq is the same for all split plate parts
% x1 and y1 are column vectors of scan coordinates
% x_loc and y_loc are matricies of scan coordinates, depending on 11x13
or
% 13 x 1l scan grid
% X and Y are scaled geometries (0.05 x 0.05)
%%
% Select file(s) to import (restricted to .svd files)
% File and path need to be in the right order during selection
[file,path] = uigetfile('*.svd','Select file(s) to
import','MultiSelect','on');
File = append(path,file); % 1x4 cell
% listdlg info
lstSize = [200 200];
errStr = "Please try again";
% Select DISPLAY:
DisplayOptions = ["Magnitude","Magnitude [dB]","Magnitude [dB(A)]",
"Mag. & Phase",...
"Mag. [dB] & Phase","Phase","Real","Imaginary","Real &
Imag.","Inst. Val."];
[Display,tf] = listdlg("PromptString","Choose display",...
"Name","Display",...
'SelectionMode','single',...
'ListString',DisplayOptions,...
"ListSize",lstSize);
if ~tf
error(errStr)

113

end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end
if Display ==
Display =
end

1
'Magnitude';
2
'Magnitude [dB]';
3
'Magnitude [dB(A)]';
4
'Mag. & Phase';
5
'Mag. [dB] & Phase';
6
'Phase';
7
'Real';
8
'Imaginary';
9
'Real & Imag.';
10
'Inst. Val.';

%%
for ii = 1:length(file)
% GetPointData is a function from Polytec
[f,Data(:,:,ii),usd]=GetPointData(num2str(cell2mat(File(ii))),'FFT','Vib &
Ref1', 'H1 Velocity / Voltage', Display, 0, 0);
% f is a vector and is the same for all build plate .svd files
% Data is a 3-dimensional matrix:
%
143 data points x 79873 frequency bins x N-parts
% usd is a struct with data parameters and is not necessary
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% GetXYZCoordinates is a function from Polytec
coordinates(:,:,ii) =
GetXYZCoordinates(num2str(cell2mat(File(ii))),0);
x_coord(:,ii) = coordinates(:,1,ii); % Each column corresponds to
part
y_coord(:,ii) = coordinates(:,2,ii);
% coordinates is a 3-dimensional matrix
% x_coord = # scan points x N-parts
% y_coord = # scan points x N-parts
% GetIndexOfPoint is a function from Polytec
for jj = 1:length(x_coord(:,ii)) % arrange data by index number
points(jj,ii) = GetIndexOfPoint(num2str(cell2mat(File(ii))),jj);
end
% Shift origin to 0
% xb, yb, and data are matricies with columns corresponding to part #
xb(:,ii) = x_coord(points(:,ii),ii);
x(:,ii) = xb(:,ii)-xb(1,ii);
yb(:,ii) = y_coord(points(:,ii),ii);
y(:,ii) = yb(:,ii)-yb(1,ii);
data(:,:,ii) = Data(points(:,ii),:,ii);
% See if data is 11 x 13 or 13 x 11
if round(x(1,ii)*1000)/1000 == round(x(12,ii)*1000)/1000
A = 11;
B = 13;
else
A = 13;
B = 11;
end
% x_loc and y_loc are CELLS, which can store both 11x13 and 13x11
% geometries
x_loc_o{ii} = num2cell(repmat(x(1:A,ii),1,B)-x(1,ii),3);
y_loc{ii} = num2cell(repmat(y(1:A:end,ii)',A,1)-y(1,ii),3);
% Scale geometry to appropriate dimensions
scale = 50.81;
if x_loc_o{1,ii}{A,1} > 0
% flips origin to top right corner
x_loc{1,ii} = num2cell(cell2mat(x_loc_o{1,ii})*-1);
else
x_loc{1,ii} = x_loc_o{1,ii};
end
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X{ii} =
num2cell(cell2mat(x_loc{1,ii})*(scale/(abs(min(cell2mat(x_loc{1,ii}),[],[1
,2])))));
Y{ii} =
num2cell(cell2mat(y_loc{1,ii})*(scale/(abs(min(cell2mat(y_loc{1,ii}),[],[1
,2])))));
end
freq = f';
end

D.10

InterpMode function

function [ind_start,ind_end, matData,Vq] =
InterpMode(N,modefreq_vec,mode,freq,x_loc_o,X,Y,data,Xinterp,Yinterp)
% Interpolate over frequency band for SINGLE PART
% f_start and f_end can either be function inputs, or be defined as
values
% in the script
%
f_start = modefreq_vec(mode)-5000;
f_start = 5000;
%
f_end = modefreq_vec(mode)+5000;
f_end = 30000;
ind_start = interp1(freq,1:length(freq),f_start,'nearest');
ind_end = interp1(freq,1:length(freq),f_end,'nearest');
A = size(cell2mat(X{1,N}),1); B = size(cell2mat(X{1,N}),2);
matData = zeros(A,B,(ind_end-ind_start + 1));
kk = 0;
for jj = ind_start:ind_end
kk = kk+1;
if x_loc_o{1,N}{A,1} > 0
matData(:,:,kk) = flip(reshape(squeeze(data(:,jj,N)),[A B]));
else
matData(:,:,kk) = reshape(squeeze(data(:,jj,N)),[A B]);
end
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Vq(:,kk) =
interp2(cell2mat(X{1,N})',cell2mat(Y{1,N})',matData(:,:,kk)',Xinterp,Yinte
rp);
end

D.11

MAC_func2 function

function M = MAC_func2(data1,data2)
M = abs((data1*data2).^2)/((data1*data1')*(data2'*data2));
end

D.12

MAC_subplot_colormap function

function MAC_subplot_colormap(x,y,data,list)
for qq = 1:4
subplot(2,2,qq)
q = pcolor(x,y,data(:,:,qq)); hold on
plot(list,list,'k.-','MarkerSize',2)
set(q,'EdgeColor','None')
set(gcf,'position',[50,50,800,600])
set(gca,'FontSize',9)
colorbar
caxis([0 1])
xlabel('MAC Frequency (Hz)'); ylabel('Reference Frequency (Hz)');
title(sprintf('Part %d',qq))
end
end
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